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ABSTRACT  
 
Northern Australia is believed to contain the last ‘viable’ populations of the 
critically endangered Freshwater Sawfish, Pristis microdon, Dwarf Sawfish, 
Pristis clavata, and Green Sawfish, Pristis zijsron, making these populations of 
global significance.  Mitochondrial and microsatellite markers were used to 
investigate the population structure, levels of genetic diversity, and evolutionary 
history of each of these species in northern Australian waters.  Pristis microdon, 
which utilizes freshwater rivers as juveniles and marine waters as adults, has 
high levels of mtDNA heterogeneity and no nDNA heterogeneity; indicating that 
this species has female philopatry coupled with male-biased dispersal in 
northern Australian waters.  The conservation plans for this species should, 
therefore, place a high priority on the protection of females, pupping grounds, 
and nursery areas to minimize the risk of extirpation.  Conservation plans also 
need to consider the likelihood that a decline in the abundance of this species in 
one location could have an effect on its abundance and genetic ‘health’ in other 
locations via male gene flow.  In contrast, P. clavata and P. zijsron, which spend 
their entire lives in marine and/or estuarine waters, each have heterogeneity in 
the mtDNA and nDNA markers, suggesting that gene flow in both males and 
females is restricted at large spatial scales in northern Australian waters.  
Consequently, the risk of extirpation for each of these species is relatively high 
since a decline in abundance is unlikely to be replenished by immigration from 
other locations.  Therefore, conservation plans for P. clavata and P. zijsron 
should place a high priority on the protection of males and females, as well as 
pupping grounds and nursery areas.  Most of the assemblages of each of the 
Pristis species contained moderate and high levels of diversity in mtDNA and 
  v 
nDNA markers, respectively.  This suggests that the prognosis for the short and 
medium-term survival of each of these species in Australian waters is relatively 
good, providing that measures are put in place to curb any further declines in 
abundance.  However, the levels of mtDNA diversity in the assemblage of each of 
P. clavata and P. zijsron in the Gulf of Carpentaria were reduced and, therefore, 
these assemblages may warrant special conservation status.  Finally, the 
evolutionary histories of the Pristis species in Australian waters have most likely 
played an important role in shaping the observed patterns of population 
structure and levels of genetic diversity, however, the relative influence of 
contemporary versus historic factors on the amount and distribution of genetic 
variation in each of these species remains somewhat unresolved. 
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Chapter 1: General introduction 
 
1.1 Project overview 
Northern Australia is believed to contain the last ‘viable’ populations of the three 
critically endangered Pristis sawfishes, the Freshwater Sawfish, Pristis microdon, 
the Dwarf Sawfish, Pristis clavata, and the Green Sawfish, Pristis zijsron.  
However, a lack of available information on the biology of these species has 
hindered the development of effective management plans for these populations.  
This project was motivated by the need to generate information on the 
population genetics of the Pristis sawfishes in the Australian portion of their 
ranges in order to aid in the development of conservation plans.  The current 
study is, therefore, necessarily focused on conservation-relevant issues such as 
the population structure, levels of genetic diversity, and evolutionary history of 
the Pristis sawfishes in Australian waters.   
 
1.2 Conservation genetics 
Conservation genetics is an applied science that utilizes the concepts and tools of 
genetics and applies them to problems in conservation biology (Hedrick & Miller 
1992; Frankham 2009).  Although the immediate goals differ between studies, 
the ultimate long-term goal in conservation genetics is typically to preserve 
enough genetic variation in a species so that future adaptation, successful 
expansion, or re-establishment of natural populations is possible (Hedrick & 
Miller 1992).  Most conservation genetics studies involve rare and endangered 
taxa, although some involve non-threatened taxa, from which general lessons of 
conservation relevance may emerge (Bijlsma et al. 2000; Avise & Hamerick 
2004).   
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Genetic studies can generate information that can be used by wildlife managers 
in the development of conservation plans, although the integration of genetics in 
the management of wild populations is still in its infancy (Frankham 2009).  
Specific applications of genetics in conservation include (but are not limited to); 
the identification of species (e.g. Roca et al. 2001; Eggert et al. 2002), assessing 
population structure (e.g. Bergl & Vigilant 2007; Ovenden et al. 2009), 
measuring sex-specific gene flow (e.g. Double et al. 2005; Engelhaupt et al. 
2009), assessing levels of genetic diversity (e.g. Hoelzel et al. 2002; Johnson et al. 
2009), the detection of changes in population sizes (e.g. bottlenecks; Culver et al. 
2008; Swatdipong et al. 2010), and estimating effective population sizes (e.g. 
Roman & Palumbi 2003; Curtis et al. 2009); all of which may be unattainable by 
other means (Avise & Hamerick 2004; DeSalle & Amato 2004). 
 
Assessments of population structure, which are often done via genetic data, are 
important in conservation because the results can inform about the appropriate 
spatial scale(s) for the management of a species (see Palsbøll et al. 2007).  The 
importance of understanding the population structure of a species in order to 
apply the appropriate spatial scale for management is highlighted by the plight 
of species with natural populations that do not abide by state or national 
boundaries, where protecting only a portion of a population may be inadequate.  
For example, population genetic data indicate that aggregations of the Whale 
Shark, Rhincodon typus, in the Indian and Pacific Oceans are interconnected (see 
Castro et al. 2007; Schmidt et al. 2009).  This suggests that R. typus should be 
protected as a single unit across its entire Indo-West Pacific distribution, which 
would require cooperative management from countries throughout the region 
(see Castro et al. 2007).  In fact, although currently protected in a number of 
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countries (e.g. Australia, Maldives, Philippines, Malaysia, Thailand, and India; 
Norman 2005), the overall abundance of R. typus appears to be declining due to, 
among other things, exploitation in parts of southeast Asia, where it is not 
protected (Norman 2005).   
 
Assessments of the levels of genetic diversity of a natural population can aid in 
the development of conservation plans by providing an indication of its genetic 
‘health’, as the amount of genetic diversity influences intrinsic evolutionary 
potential (Hedrick & Miller 1992; Amos & Balmford 2001).  Such assessments 
can identify and place higher priority on populations and/or species with low or 
reduced levels of genetic diversity since low levels of diversity may hinder the 
ability of a species to adapt to novel changes in the environment, ultimately 
limiting their long-term survival potential (Amos & Balmford 2001; Frankham 
2005).  The majority of conservation genetic studies to date have assessed levels 
of genetic diversity based on data from selectively neutral markers (e.g. Hoelzel 
et al. 2002; Hoelzel et al. 2006; Stow et al. 2006; Gebremedhin et al. 2009; 
Johnson et al. 2009), although it is the amount of adaptive variation that is 
crucial to the long-term evolutionary potential of endangered species (see 
Hedrick 2001; Holderegger et al. 2006).  Nevertheless, data from neutral 
markers can be used to identify populations and/or species with low or reduced 
levels of genetic diversity when estimates for adaptive markers are not available 
(i.e., the use of adaptive markers is relatively new in conservation genetics, see 
Bonin et al. 2007; Gebremedhin et al. 2009).  However, it should be taken into 
consideration that the correlation of levels of genetic diversity at neutral and 
adaptive markers is not well understood (e.g. Hedrick 2001; Reed & Frankham 
2001; Holderegger et al. 2006; Bonin et al. 2007).  Genetic data can also be used 
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to provide a means to assess the extent of any loss of genetic diversity as a result 
of contemporary population declines (e.g. Hauser et al. 2002, Hoelzel et al. 
2002).  The detection of contemporary population bottlenecks can provide 
evidence of anthropogenic impacts on populations, which is especially important 
when clear declines in abundance cannot otherwise be documented.  In fact, the 
lack of census data demonstrating clear declines in abundances have, in the past, 
hindered the protection of P. clavata and P. zijsron in Australian Commonwealth 
waters (see Stevens et al. 2005; Thorburn et al. 2008; see below).   
 
Genetic data can be used to elucidate aspects of the evolutionary history of a 
species, allowing data on contemporary issues to be placed in a meaningful 
general framework.  For example, in general, a low level of genetic diversity in a 
population could be explained by a historic founder effect or bottleneck, rather 
than solely being the result of contemporary anthropogenic sources (e.g. Cooper 
& Millener 1993; Menotti-Raymond & O’Brien 1993; Hewitt 2000; Hedrick et al. 
2001; Lukoschek et al. 2007; 2008).  However, disentangling the relative 
influence of contemporary versus historical factors on contemporary patterns of 
genetic variation is often complex (see Costello et al. 2003; Johansson et al. 
2006).  For instance, without good demographic data (e.g. historic and 
contemporary population size estimates not inferred from genetic data) or 
temporal genetic samples, it is virtually impossible to be certain whether low 
levels of genetic diversity are the result of contemporary bottlenecks, as 
opposed to historic bottlenecks/founder effects (see Matocq & Villablanca 2001; 
Waldick et al. 2001; Larson et al. 2002; Taylor et al. 2007; Bourke et al. 2010).  
Information on the demographic history of a species may also provide a basis for 
the ‘amount’ and pattern of population structure observed.  The occurrence of 
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‘deep’ population genetic structure (i.e., long-term genetic subdivision 
identifiable via evolutionary history studies) within species is particularly 
important for long-term conservation efforts as it is a source of evolutionary 
genetic diversity and such evolutionary significant lineages may warrant extra 
protection (see Avise 1994; Moritz 1994). 
 
Despite the information made available through genetic studies, molecular 
approaches to problems in conservation biology have several drawbacks.  
Considerable training is required as appropriate results are dependent upon the 
markers selected (see Frankham 2009), the cost can be high (Parker et al. 1998), 
and large sample sizes are necessary for valid results.  In addition, the quality of 
the data generated and whether the data analyses and interpretations are 
appropriate should be evaluated (i.e., via peer-review), as there is the potential 
for substantial conservation and economic (e.g. fishery closures) consequences 
of the results (Morin et al. 2010).  It is also important to understand the time 
scale to which the data apply.  For instance, estimates of effective population size 
can be contemporary or historical, depending on the statistical method selected 
(Wang 2005) and appropriate data interpretation must take this into account.  
The integration of genetic data into conservation plans must also overcome the 
practical difficulties of economic challenges and working across political 
boundaries.  Finally, the results of genetic studies, when considered in isolation, 
seldom translate into definitive conservation strategies; they do, however, 
provide a starting point for conservation decisions (Avise & Hamerick 2004). 
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1.3 Sawfishes 
1.3.1 Taxonomy 
The sawfishes (Class Chondrichthyes, Family Pristidae) are a group of benthic 
rays with seven recognized species from two genera, Pristis and Anoxypristis.  
They are notable for their large body size (up to ~7 m) and possession of an 
elongate rostrum bearing lateral tooth-like denticles (Figure 1.1; Last & Stevens 
2009).  There is currently a single recognized species of Anoxypristis and six 
extant Pristis species (see Faria 2007), which are partitioned into two groups; 
the smalltooth and largetooth groups (Table 1.1; Compagno 1977; Faria 2007).  
The taxonomy of sawfishes is complex and remains somewhat unresolved, 
sometimes being regarded as one of the most taxonomically chaotic groups 
within the batoids (Ishihara et al. 1991; Compagno et al. 2006; Faria 2007).  
 
 
Table 1.1 Taxonomy of the sawfishes.  The sawfishes examined in the current study are 
Pristis microdon, Pristis clavata, and Pristis zijsron.  Species names and groups are based 
on Faria (2007) 
Class Chondrichthyes   
Order       Pristiformes   
Family           Pristidae   
Genus                Anoxypristis Pristis  
Species                      cuspidata       pectinata  
        clavata smalltooth 
        zijsron group 
        zephyreus  
        microdon largetooth 
        perotteti group 
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Figure 1.1 Pristis microdon, illustrating the characteristic rostrum of the sawfishes 
(Photograph by David Morgan) 
 
1.3.2 General information about the sawfishes 
Sawfishes were once widely distributed, typically found in marine and estuarine 
waters in tropical and sub-tropical locations, but with some species (e.g. P. 
microdon, Pristis perotteti, and Pristis zephyreus) also occurring in freshwater 
rivers and lakes (Compagno & Cook 1995).  In fact, sawfishes are one of only 
four Chondrichthyan families that include some representatives that utilize 
freshwater habitats (Compagno & Cook 1995; Last & Stevens 2009).  It is 
believed that all sawfish species have undergone dramatic declines in range and 
abundance in recent times due to the combined effects of habitat loss, by-catch 
mortality, and direct exploitation for fins/meat and rostra (Simpfendorfer 
2000b; Peverell 2005).  As a consequence, all sawfishes are currently listed as 
critically endangered worldwide by the International Union for the Conservation 
of Nature (IUCN) Red List (IUCN 2006) and some sources include them amongst 
the most endangered fishes (see Stevens et al. 2000).  The decline in abundance 
has been very severe in some species, such as the Largetooth Sawfish, Pristis 
perotteti.  Pristis perotteti was once distributed throughout the western and 
eastern Atlantic, but has been extirpated from most of its former range largely as 
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a result of habitat degradation and fishing pressure and is now only known from 
some South American waters (Charvet-Almeida et al. 2007).  While the 
evidence for a decline in abundance is relatively strong for P. perotteti (via catch 
records from fisheries targeting this species), the evidence for some species, 
such as those found in the Indo-West Pacific (see below), is largely anecdotal 
because of a lack of reliable historical catch data (see Peverell 2005).  The life 
history of the sawfishes is ‘typical’ of elasmobranchs, in that they are thought to 
have high longevity, late maturity, viviparous reproduction, and low fecundity 
(Thorburn et al. 2007; Peverell 2008), making them vulnerable to over-
exploitation (Stobutzki et al. 2002).  For instance, despite a moratorium in place 
on fisheries targeting P. perotteti in Lake Nicaragua since the early 1980’s (after 
the ‘population’ collapsed in the 1970’s as a result of over-fishing), this species 
has shown no signs of recovery (McDavitt 2002).   
 
1.3.3 Indo-West Pacific sawfishes   
Four of the seven recognized sawfish species occur in the Indo-West Pacific 
region, including northern Australia.  These comprise three species of Pristis, 
namely P. microdon, P. clavata, and P. zijsron, as well as the sole described 
species of Anoxypristis, A. cuspidata (Last & Stevens 2009).  At least P. microdon, 
P. clavata, and P. zijsron are thought to have suffered from a substantial decline 
in range and abundance throughout the Indo-West Pacific region (see Last & 
Stevens 2009; White & Kyne 2010).  Due to limited human impact when 
compared to other geographic locations, it is believed that northern Australia 
contains the last ‘viable’ populations of each of these Pristis sawfishes 
(Pogonoski et al. 2002), making these populations of global significance.  
However, a lack of information available on the population biology of each of P. 
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microdon, P. clavata, and P. zijsron has hindered their protection in much of their 
Australian ranges.  Background information for each of these species, including 
their current status, distribution, biology, and threats, is described below.     
 
1.3.4 Study species 
1.3.4.1 Pristis microdon Latham 1794 
Of the three Pristis sawfishes found in Australian waters, P. microdon has been 
studied the most extensively, although some of the information is contained in 
grey literature that has not been peer-reviewed. 
 
  1.3.4.1.1 Status  
Pristis microdon is listed as critically endangered by the IUCN Red List (IUCN 
2006) and as an Appendix II species under the Convention of International 
Trade in Endangered Species of Wild Fauna and Flora (CITES), prohibiting 
international trade of the animal and its body parts, with the exception of some 
individuals for the aquarium trade.  Within Australian Commonwealth waters (3 
nautical miles (nm) - ~200 nm offshore), P. microdon is listed as vulnerable 
under the Australian Commonwealth Environmental Protection and Biodiversity 
Conservation (EPBC) Act 1999.  Prior to the commencement of this project, P. 
microdon was protected in Western Australian state waters (up to 3 nm), but has 
only recently also been granted protection in Queensland state waters in 2009 
(Peverell pers. comm.) and in Northern Territory state waters in 2010 (Johnson 
pers. comm.).  Pristis microdon is the only species of sawfish that international 
trade is permitted for the aquarium trade and individuals must be sourced from 
Australian waters.  The sawfish aquarium trade in Australia has recently been 
reviewed and stricter regulations on the take of P. microdon have been proposed 
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(see Freshwater Sawfish Expert Review Committee 2009).  In fact, some of the 
results of this (and other) research were important in bringing about some of 
these legislative changes.   
 
  1.3.4.1.2 Distribution 
The historic distribution of P. microdon is somewhat uncertain because of poor 
records and questionable identifications associated with the difficulties in 
distinguishing among Pristis sawfishes (e.g. Thorburn et al. 2007).  Globally, P. 
microdon was once known from northern Australia, southeast Asia, India, South 
Africa, Zimbabwe, and possibly the Philippines (Compagno et al. 2006; Last & 
Stevens 2009).  The current global distribution of P. microdon is largely 
unknown because of presumed localized extinctions in many locations (see Last 
& Stevens 2009; White & Kyne 2010; Morgan et al. 2011b).  For example, 
anecdotal data suggest that sawfishes, including P. microdon, have not been 
recorded in Indonesian waters for over 25 years (White & Kyne 2010).  As a 
result, northern Australia has been identified as one of the last strongholds for P. 
microdon (see Morgan et al. 2011b).  Its current distribution in northern 
Australia is believed to extend from 80 Mile Beach in Western Australia to 
Princess Charlotte Bay on the east coast of Queensland, with a single anomalous 
catch from Cape Naturaliste in southwestern Australia in 2007 (Figure 1.2; see 
Chidlow 2007; Last & Stevens 2009).  Even within Australia waters, P. microdon 
has likely experienced declines in range and abundance.  For instance, records of 
P. microdon from the east coast of Queensland indicate that this species is 
currently restricted to Princess Charlotte Bay and associated rivers in this region 
(see Figure 1.2; Appendix A; Pillans et al. 2008). 
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Figure 1.2 Current distribution (in pink) of Pristis microdon in Australian waters 
 
  1.3.4.1.3 Biology 
The life history of P. microdon is unique in comparison to the other two Pristis 
sawfishes in this study, and elasmobranchs in general, in that adults are 
marine/estuarine and juveniles utilize the upper reaches of estuaries and 
freshwater rivers as nursery areas (Thorburn et al. 2007; Peverell 2005; 2008; 
Whitty et al. 2008; 2009).  Females pup near river mouths during the wet season 
and the pups migrate upriver to freshwater habitats, where they remain until 
they reach sexual maturity at approximately eight years of age (Thorburn et al. 
2007; Peverell 2008; Whitty et al. 2008; 2009).  Pristis microdon has low 
fecundity, similar to most other elasmobranchs; they have viviparous 
reproduction with up to 12 pups born after a five-month gestation period, 
possibly with an annual breeding cycle (Peverell 2008; Last & Stevens 2009).  
 
Virtually nothing is known about adult P. microdon, although they are thought to 
be long-lived, as is typically the case for elasmobranchs.  This is evidenced by 
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longevity estimates using vertebrae annuli, indicating that a 3.61 m individual 
was 44 years old (Tanaka et al. 1991) and a 5.82 m individual was 28 years old 
(Peverell 2008), although there has been criticism of the methods used by 
Tanaka et al. (1991) (see Thorburn et al. 2007).  Peverell (2008) suggested a 
maximum longevity of 80 years for P. microdon based on a von Bertalanffy 
growth curve with 41 individuals and the maximum-recorded size of 6.38 m.  
  
  1.3.4.1.4 Threats 
As a marine and riverine species, P. microdon is susceptible to pressures (e.g. 
habitat degradation, direct exploitation, and by-catch in commercial and 
recreational fisheries) in both marine and freshwater habitats (see 
Simpfendorfer 2000b; Peverell 2005).  The two most conspicuous threats to P. 
microdon in Australian waters are probably habitat modification and by-catch 
mortality.  In particular, dams and other barriers can impede the upriver 
movement of juvenile P. microdon (Morgan et al. 2005) and may prevent them 
from reaching ‘high quality’ nursery areas.  Thorburn et al. (2003; 2004; 2007) 
found that the presence of a barrage in the Fitzroy River resulted in an 
aggregation of individuals of P. microdon directly below the barrage and, 
consequently, an increase of predation by Bull Sharks, Carcharhinus leucas, 
which are known predators of juvenile sawfishes (Whitty et al. 2008).  In 
addition, the barrage is regularly used for recreational fishing and the high 
abundance of P. microdon directly below it means that individuals are often 
caught as by-catch (Thorburn et al. 2003; 2004).   
 
The possession of a toothed rostrum makes P. microdon, as well as other sawfish 
species, especially prone to entanglement in all net types and fishing lines 
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(Simpfendorfer 2000b).  Commercial and recreational fisheries may pose the 
greatest threat to P. microdon (and other species of sawfish); although not 
directly targeted in Australia, individuals are often caught as by-catch.  Pristis 
microdon has been caught as by-catch in offshore and onshore commercial 
fisheries in Western Australia, the Northern Territory, and Queensland (see 
McAuley et al. 2005; Peverell 2005; 2008; Field et al. 2008), including in some 
fisheries operating in estuarine or freshwater habitats.  However, commercial 
net fisheries have been banned in freshwater rivers in Queensland, which may 
inadvertently protect juvenile P. microdon (Peverell pers. comm.).  In 
recreational fisheries, when a sawfish is unintentionally caught, their rostrum is 
sometimes removed as a trophy, even in locations where sawfishes are 
protected.  For example, although protected in Western Australian state waters, 
and despite educational signs posted on the shores of their freshwater habitats, 
P. microdon have been found dead on the riverbanks of the Fitzroy River with 
their rostrum removed (Figure 1.3; see Thorburn et al. 2004).  Within Australia, 
sawfish rostra are displayed as trophies and sold in markets, despite their legal 
protection in commonwealth and some state waters. 
 
Pristis sawfishes, including P. microdon, are also under threat from direct 
exploitation for their fins.  There is a high demand for Pristis fins in the 
international fin trade as they are among the most valuable (Pillans et al. 2008).  
Fins from sawfishes in Australian waters may be poached by foreign illegal 
fishing vessels (Stevens et al. 2005) and individuals moving outside of Australian 
waters may be exploited for their fins.   
 
 
Chapter 1 General introduction 
 14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Pristis microdon on a riverbank with its rostrum removed (Photograph by 
Dean Thorburn) 
 
Sawfishes, and in particular, P. microdon, are an important cultural and spiritual 
icon for indigenous people in northern Australia (Thorburn et al. 2004).  They 
are also an important food source and an un-quantified number of juveniles are 
removed from rivers as a part of the indigenous harvest in Western Australia, 
the Northern Territory, and Queensland (see Thorburn et al. 2004; Peverell et al. 
2004; Pillans et al. 2008).  The amount of take and its impact is generally 
unknown, but see Morgan et al. (2002; 2004) and Thorburn et al. (2004) for 
information in relation to traditional owners that live on and utilize the Fitzroy 
River’s resources in the Kimberley region. 
 
1.3.4.2 Pristis clavata Garman 1906 
  1.3.4.2.1 Status 
Pristis clavata is listed as critically endangered by the IUCN Red List (IUCN 2006) 
and as a CITES Appendix I species, prohibiting international trade of the animal 
and its body parts (including a ban on the take of animals for the aquarium 
trade).  Despite these listings, prior to the commencement of this study, P. 
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clavata was not protected in Australian Commonwealth waters or in Northern 
Territory and Queensland state waters (but was protected in Western Australia 
state waters).  Pristis clavata was listed as vulnerable under the EPBC Act 1999 in 
2009, after several rejected nominations for a listing (see Pogonoski et al. 2002; 
Thorburn 2008).  The initial rejections were mainly due to poor distribution and 
abundance data, making it difficult to prove that the species had undergone a 
decline in abundance or range within Australian waters (see Pogonoski et al. 
2002; Thorburn et al. 2008).  Pristis clavata has also only recently gained 
protection in Northern Territory (2010, Johnson pers. comm.) and Queensland 
(2009, Peverell pers. comm.) state waters.  In fact, some of the results of this 
(and other) research were used to produce a multispecies issue paper (Pillans et 
al. 2008) that was important in bringing about these legislative changes.   
 
  1.3.4.2.2 Distribution 
 The historical distribution of P. clavata, within Australian waters and globally, is 
largely unknown.  This is mainly because prior to 1990, when P. clavata was 
discovered in Western Australia state waters, this species was only known from 
the original holotype collected from Queensland waters in 1906 (Ishihara et al. 
1991).  The lack of records up until 1990 could be due to misidentification of P. 
clavata, as distinguishing between the Pristis species can be difficult (e.g. 
Thorburn et al. 2007; Last & Stevens 2009).  There is a tentative record of a P. 
clavata rostrum from the Canary Islands in the Atlantic Ocean, but this 
identification has not been confirmed and may be erroneous (Last & Stevens 
2009).  Nevertheless, it is possible that this species was once more widely 
distributed in the Indo-Pacific region (Last & Stevens 2009).  The current 
distribution of P. clavata is believed to be restricted to northern Australia, from 
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Cape Keraudren on the west coast to the Gulf of Carpentaria, but it is considered 
rare in the latter where its abundance is low and variable (Figure 1.4; Peverell 
2005; Last & Stevens 2009).  Although some sources suggest that the 
distribution of P. clavata once extended to Cairns on the east coast (e.g. Last & 
Stevens 2009; see Appendix A), it is likely that the reports from the east coast 
were based on misidentifications (see Thorburn et al. 2007; 2008). 
 
   
 
 
 
 
 
 
 
Figure 1.4 Current distribution (in blue) of Pristis clavata in Australian waters.  The 
question mark refers to the uncertainty surrounding records from the east coast 
 
 
  1.3.4.2.3 Biology 
The life history of P. clavata is ‘typical’ of many coastal elasmobranchs in that 
adults are marine/estuarine and juveniles utilize inshore estuaries and 
mangrove areas as nurseries (Thorburn et al. 2008; Peverell 2008).  This species 
has been known to penetrate rivers, but only as far as the tidal limit (Thorburn 
et al. 2008).  Although almost no specific data are available on the reproductive 
biology of P. clavata, this species is believed to have low fecundity similar to 
most other elasmobranchs.  It is known that P. clavata is viviparous and the 
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gestation period and fecundity is thought to be similar to that of P. microdon (i.e., 
five months with litter sizes up to 12 pups; Pogonoski et al. 2002; Peverell 
2008).  Individuals of P. clavata, like those of P. microdon, mature at 
approximately eight years of age.  A tagging study by Stevens et al. (2008) on the 
west coast of Australia found that the movements of P. clavata generally 
coincided with the tides, however, data were collected for only five individuals 
(both immature and mature, based on their sizes) for between two and six days.  
In the same study, satellite tagging data for one presumably mature (based on 
size) P. clavata over a 49 day period indicate that the individual spent the 
majority of its time in 0 - 2 m of water, but also used waters up to 20 m deep.  
The precise habitat use of adult P. clavata remains somewhat uncertain, but the 
lack of records of adults in the surveys of inshore estuarine/mangrove areas in 
the Gulf of Carpentaria by Peverell (2005; 2008), and the finding that P. clavata 
uses waters up to 20 m deep at least some of the time (noted above), suggests 
they may be using slightly different habitats than those used by juveniles.    
 
While there is little information available on the life span of P. clavata, it seems 
reasonable to expect that individuals of this species are relatively long-lived, like 
those of P. microdon and other elasmobranchs (e.g. Ferreira & Vooren 1991; 
Cailliet et al. 1992; Clark et al. 2002; Simpfendorfer 2000a, 2000b).  Pristis 
clavata is known to reach at least 3.18 m in size and a preliminary estimate 
based on a von Bertalanffy growth curve (with 19 individuals < 3.06 m), 
suggests a maximum size of ~5 m with a longevity of 94 years (Peverell 2008). 
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  1.3.4.2.4 Threats 
Pristis clavata are under threat in marine and estuarine waters from habitat 
degradation, direct exploitation, and by-catch in commercial and recreational 
fisheries, although declines in range and abundance for this species have been 
poorly documented (Stevens et al. 2005).  In Australian waters, by-catch 
mortality is probably the most conspicuous threat to P. clavata and appears to 
be widespread, although the extent of the decline due to by-catch mortality is 
difficult to quantify due to a lack of detailed catch records (see Peverell 2008).  
Pristis clavata has been recorded as by-catch in inshore commercial fisheries in 
Western Australia, the Northern Territory, and Queensland (McAuley et al. 2005; 
Field et al. 2008), and possibly the offshore fisheries in the Gulf of Carpentaria, 
where by-catch is generally only listed as ‘Pristis spp.’ (see Peverell 2005; 2008).  
Like those of P. microdon, juveniles of P. clavata are often caught as by-catch in 
recreational fisheries, since juveniles utilize inshore waters where most 
recreational fishing occurs (see Morgan et al. 2011b).  As is the case with all 
sawfishes, when P. clavata are inadvertently caught, their rostrum is sometimes 
removed and displayed as a trophy or sold in markets, despite their current 
protection in Australian Commonwealth and some state waters.  Pristis clavata is 
probably also under threat from direct exploitation through the international fin 
trade, as it is possible that fins from Pristis sawfishes in Australian waters are 
being poached by illegal fishing vessels and individuals moving outside of 
Australian waters are exploited for their fins (Stevens et al. 2005).  
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1.3.4.3 Pristis zijsron Bleeker 1851 
  1.3.4.3.1 Status  
Pristis zijsron is listed as critically endangered by the IUCN Red List (IUCN 2006) 
and is listed as a CITES Appendix I species, prohibiting international trade of the 
animal and its body parts (including a ban on the take of animals for aquarium 
trade).  Despite these listings, prior to the commencement of this study, P. zijsron 
was only protected in Western Australia state waters.  Pristis zijsron was listed 
as vulnerable under the EPBC Act 1999 in 2008, after several failed attempts for 
listing (e.g. Stevens et al. 2005) and has only recently gained protection in the 
Northern Territory (2010, Johnson pers. comm.) and Queensland (2009, Peverell 
pers. comm.) state waters.  In fact, some of the results of this (and other) 
research were used to produce a multispecies issue paper (Pillans et al. 2008) 
that was important in bringing about these legislative changes.     
 
  1.3.4.3.2 Distribution 
Pristis zijsron was once widely distributed in the Indian Ocean, with catch 
records from South Africa, India, southeast Asia, and northern Australia 
(Peverell et al. 2004; Last & Stevens 2009).  The current global distribution of P. 
zijsron is uncertain, but it is believed that its historic distribution has been 
severely reduced (see Pillans et al. 2008).  For example, anecdotal data suggest 
that sawfishes, including P. zijsron, have not been recorded in Indonesian waters 
for over 25 years (White & Kyne 2010).  Furthermore, P. zijsron has not been 
reported in India for at least five years despite intensive marine surveys for the 
past three years (Bineesh pers. comm.).  
 
In Australian waters, the historic distribution of P. zijsron extended from Coral 
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Bay on the west coast, across the north coast, and along the east coast as far 
south as Sydney, with a single record off South Australia, which appears to be an 
anomaly (Last & Stevens 2009; Appendix A).  However, P. zijsron has suffered 
from a ~30% range contraction in Australian waters and has not been recorded 
off New South Wales since the 1970’s despite a continuous sampling effort along 
the coast for 40 years (White & Kyne 2010).  Consequently, P. zijsron is listed as 
‘presumed extinct’ in New South Wales state waters (White & Kyne 2010).  The 
current distribution of P. zijsron is believed to extend from Coral Bay on the west 
coast to the Whitsunday Islands on the east coast (see Figure 1.5; Harry et al. 
2011), although P. zijsron is considered rare on the east coast of Queensland 
(Pogonoski et al. 2002) and in the Gulf of Carpentaria (Peverell 2005; see 
Appendix A).   
 
 
 
 
 
 
 
 
   
Figure 1.5 Current distribution (in green) of Pristis zijsron in Australian waters  
 
  1.3.4.3.3 Biology 
The life history of P. zijsron is similar to that of P. clavata in that adults are 
marine/estuarine and juveniles utilize inshore estuaries and mangrove areas as 
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nurseries until they mature, at approximately nine years of age (Thorburn et al. 
2007; Peverell 2008).  Although essentially no specific data on the reproductive 
biology of P. zijsron are available, they are believed to have low fecundity similar 
to most other elasmobranchs.  It is known that individuals of P. zijsron are 
viviparous and the gestation period and fecundity is believed to be comparable 
to those of P. microdon (see section 1.3.4.1.3; Pogonoski et al. 2002; Peverell 
2008).  Juveniles are believed to have nursery site fidelity, although this belief is 
based on data collected for a small number of individuals (see Peverell 2005; 
Stevens et al. 2008).  The specific habitat use of adult P. zijsron is uncertain, 
although individuals have been recorded in offshore waters (e.g. 70+ m; Peverell 
2005; Pillans et al. 2008; Last & Stevens 2009), suggesting a spatial separation of 
adult and juvenile habitats.  Individuals of P. zijsron are thought to be long-lived, 
as is typically the case for elasmobranchs (e.g. Simpfendorfer 2000a).  This is 
evidenced by age estimates using vertebrae annuli, which indicate that a 4.82 m 
individual was 18 years old and a preliminary von Bertalanffy growth curve 
(based on 18 individuals) suggesting a maximum size of 5.4 m and longevity of 
53 years (Peverell 2008). 
 
  1.3.4.3.4 Threats 
The threats facing P. zijsron are similar to those for P. clavata (see section 
1.3.4.2.4) and declines in the abundance of this species in Australian waters have 
been better documented than for P. microdon and P. clavata (see Stevens et al. 
2005).  The range contraction of P. zijsron in the last ~40 years on the east coast 
of Australia is primarily attributed to by-catch in fisheries and habitat 
degradation associated with urbanization (see Stevens et al. 2005; Last & 
Stevens 2009).  Pristis zijsron is a known by-catch species from onshore and 
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offshore commercial fisheries in Western Australia, the Northern Territory, and 
Queensland (see McAuley et al. 2005; Peverell 2005; 2008; Field et al. 2008).  
Like other sawfishes in Australian waters, the rostra of P. zijsron are sometimes 
removed and displayed as trophies or sold in markets in Australia (see section 
1.3.4.1.4).  Pristis zijsron are also under threat from direct exploitation for their 
fins in the international fin trade (see section 1.3.4.1.4; Stevens et al. 2005).  
  
1.3.6 Previous molecular work on sawfishes 
1.3.6.1 Phylogenetics and phylogeography 
Faria (2007) investigated the phylogenetics and phylogeography of all seven 
species of sawfishes worldwide for his Ph.D. dissertation, but the results have 
not been published.  The main findings of Faria’s (2007) study confirmed the 
existence of seven extant sawfish species (via morphometrics and genetics; see 
Table 1.1) and suggested that assemblages of the Smalltooth Sawfish, Pristis 
pectinata, and P. perotteti in the western and eastern Atlantic were likely to 
comprise independent management units, based on ND2 sequence data.  Faria 
(2007) also recognized the need to identify distinct management units for each 
of A. cuspidata, P. microdon, P. clavata, and P. zijsron in the Indo-West Pacific 
region, but was unable to detect any clear pattern of phylogeographic structure 
for any species due to low polymorphism of the genetic marker (ND2) and small 
sample sizes.  Faria (2007) was, however, able to determine that assemblages of 
A. cuspidata and P. microdon in the Indian Ocean were most likely genetically 
distinct from those in the Indo-West Pacific (i.e., Vietnam/Papua New 
Guinea/Australia), although sample sizes were small and no such genetic 
subdivision was found in P. zijsron (P. clavata was not included in the 
phylogeographic analyses). 
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1.3.6.2 Population genetics 
Prior to the commencement of this study, there was very little published 
information on the population genetics of any sawfish species.  The only 
published study, by Watanabe (1991), compared the lactate dehydrogenase 
isozyme patterns in P. microdon between assemblages in Australia and Papua 
New Guinea and found no evidence of genetic subdivision between the two 
regions.  However, this result is not very robust because it is based on data from 
only a single isozyme locus in only 12 individuals.  More recently, methods to 
extract and amplify DNA from dried sawfish rostra were developed, offering the 
potential to incorporate contemporary rostra (e.g. to increase sample sizes, see 
Phillips 2006; Phillips et al. 2009a) or historic rostra (e.g. to provide temporal 
samples, see Lo 2010) into conservation genetic studies.  In addition, Feldheim 
et al. (2010) has recently designed methods to genetically identify fins from P. 
pectinata in the shark fin trade to monitor illegal trade of its body parts, which 
included the development of a microsatellite library.  While none of these 
studies have produced population genetic data per se, they have developed 
methods that would enable population genetic studies to commence. 
 
While prior to the commencement of this study there was little published data 
on sawfish population genetics, there are a number of studies underway.  Within 
the Indo-West Pacific, the population structure of A. cuspidata in Australian 
waters was recently investigated using mitochondrial DNA (mtDNA) at James 
Cook University (Danastas pers. comm.).  In addition, an investigation into the 
population genetics of P. pectinata in the western Atlantic using mtDNA and 
microsatellites is also underway (Feldheim pers. comm.).  Feldheim assisted in 
the present study by providing a microsatellite library developed for P. pectinata 
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prior to publication of the associated primer note (Feldheim et al. 2010).  
 
1.4 Significance and needs 
The current research represents the first substantial investigation into the 
population genetics of each of P. microdon, P. clavata, and P. zijsron.  The results 
from this research have, thus far, produced two technical reports (Phillips et al. 
2008; 2009b), one published peer-reviewed paper (Phillips et al. 2011), 
contributed to a multi-species issue paper (Pillans et al. 2008), and have been 
important in bringing about legislative changes regarding the protection of P. 
microdon, P. clavata, and P. zijsron in state and/or Australian Commonwealth 
waters.  In addition, data from this study were used in a recent proposal for 
stricter regulations on the removal of P. microdon from Australian waters for the 
aquarium trade (see Freshwater Sawfish Expert Review Committee 2009). 
 
When this project commenced, management plans for Pristis sawfishes in 
Australian waters were lacking, despite the recognition that these assemblages 
were vital in global conservation efforts for each species (e.g. Pogonoski et al. 
2002).  Prior to 2010, legislation regarding the protection of Pristis sawfishes 
varied from state to state and also between state and Australian Commonwealth 
waters.  The ‘management’ of the Pristis sawfishes in Australia was carried out 
without any understanding of the relationships between regional assemblages 
and the effectiveness of such an approach is questionable, since the protection of 
only a portion of a population may be inadequate (see section 1.2).  In addition, 
while it is generally believed that the sawfish assemblages in northern Australia 
have undergone declines in abundance (see section 1.3.4), the short and 
medium-term survival potential of these assemblages were unknown.  
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Population genetic data provide the only realistic means to address these 
unknowns and are clearly required to facilitate the development of effective 
conservation plans.  Information about the connectivity and ‘health’ of Pristis 
assemblages in Australian waters are largely unobtainable by other means (e.g. 
tagging and census data), because there are a number of logistical difficulties in 
obtaining data for adult sawfishes in these waters (e.g. they are critically 
endangered species inhabiting remote locations, see Thorburn et al. 2004) and 
detailed catch records are not available.  In addition, tracking data do not 
provide an indication of gene flow and are, therefore, unable to assess the 
genetic connectivity of assemblages in Australia.   
 
1.5 Aims and thesis outline 
The overall aim of this study was to use mtDNA and microsatellite data to 
investigate the population structure, levels of genetic diversity, and evolutionary 
history of each of P. microdon, P. clavata, and P. zijsron in Australian waters.  The 
resultant information can be used to provide information about the appropriate 
spatial scale(s) for the management for each of the Pristis species in Australian 
waters and provide an indication of the genetic ‘health’ of these assemblages.  
The use of mtDNA and microsatellite loci will account for female and male gene 
flow (respectively, and when in combination) and the use of multiple 
microsatellite loci makes statistical analyses more robust (i.e., via increased 
statistical power).  This thesis comprises a total of six chapters, which are 
outlined below. 
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Chapter 1: General introduction.  This chapter provides information on the 
relevance of genetics in conservation biology, background information on each 
of the study species, and outlines the significance and aims of the study. 
 
Chapter 2: General methods.  This chapter describes the general methods used 
to generate the genetic data, including details of sampling, DNA extraction, PCR 
amplification, marker selection, sequencing, and allele fragment length analysis. 
 
Chapter 3: Population structure and genetic diversity of the Freshwater 
Sawfish, Pristis microdon.  This chapter provides an assessment of the levels of 
genetic diversity and population structure of P. microdon in northern Australian 
waters, including tests for sex-biased dispersal. 
 
Chapter 4: Population structures and genetic diversities of the Dwarf Sawfish, 
Pristis clavata, and the Green Sawfish, Pristis zijsron.  This chapter provides an 
assessment of the levels of genetic diversity and population structure of each of 
these species in northern Australian waters, including tests for sex-biased 
dispersal.  These two species were incorporated into a single chapter because 
they have similar life histories, but have different life histories to P. microdon. 
 
Chapter 5: Evolutionary history of Pristis sawfishes in Australian waters.  This 
chapter investigates the evolutionary history of each of the Pristis species in 
Australian waters.  This chapter aims to assess whether there is any evidence to 
support the demographic hypotheses raised in Chapters 3 and 4 as explanations 
for the observed patterns of population structure and levels of genetic diversity.  
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Chapter 6: Conclusion and conservation implications.  This chapter provides a 
summary of the main findings of this study, considers the specific conservation 
implications of the results, and briefly discusses the status of conservation 
genetics in the marine realm.  
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Chapter 2: General methods 
 
2.1 Sampling 
The samples of the Freshwater Sawfish, Pristis microdon, the Dwarf Sawfish, 
Pristis clavata, and the Green Sawfish, Pristis zijsron, used in this project 
consisted of tissue biopsies (muscle and fin clips), preserved in either 100% 
ethanol or 20% dimethyl sulfoxide (DMSO) solution, and dried rostra.  The 
sources of the samples included museums, fisheries departments (Stevens et al. 
2008), private collections, commercial fisheries, and other research projects at 
Murdoch University (Thorburn et al. 2007; 2008; Whitty et al. 2009) and the 
Queensland Department of Primary Industry (Peverell 2005; 2008).  Samples of 
each species were collected from the west coast (WC), the north coast (west of 
the Gulf of Carpentaria; NC), the Gulf of Carpentaria (GoC), and in cases of P. 
microdon and P. zijsron, also the east coast (EC); collectively encompassing most 
of the contemporary range of each species in Australian waters (Tables 2.1, 2.2, 
& 2.3; Figure 2.1, 2.2, & 2.3; see Chapter 1 Figures 1.2, 1.4, & 1.5).  The majority 
of samples for each species were collected from the west coast and the Gulf of 
Carpentaria because these regions seem to have higher abundances of Pristis 
sawfishes compared to the north and east coasts.  Consequently, the majority of 
research and, hence, sampling effort has focused on assemblages in these 
regions (see Thorburn et al. 2003; 2007; 2008; Peverell 2005; 2008; Stevens et 
al. 2008; Whitty et al. 2009; Morgan et al. 2011b).  Dried sawfish rostra, sourced 
from private and public (i.e., museum) collections, were incorporated into this 
study to bolster the sample sizes and the number of sampling sites, particularly 
for P. microdon from the north coast (see Table 2.1), P. clavata from the north 
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coast (see Table 2.2), and P. zijsron from the west coast, north coast, and the Gulf 
of Carpentaria (see Table 2.3) (see Phillips et al. 2009a).  
 
The majority of samples of each of P. microdon, P. clavata, and P. zijsron were 
from juveniles, from the freshwater reaches of rivers for P. microdon and inshore 
estuarine/marine waters for each of P. clavata and P. zijsron; although overall, 
samples of each species were collected from both adults and juveniles.  Juveniles 
were primarily sampled because they are logistically easier to sample than 
adults (e.g. smaller animals found in inshore waters or riverine environments) 
and adults of each species are not often encountered (e.g. Peverell 2008).  
 
2.1.1 Species identification 
Species identifications for the preserved tissue biopsies were determined from 
the morphology of whole specimens (see Thorburn & Morgan 2005; Last & 
Stevens 2009), generally by third party researchers and/or commercial 
fishermen in the field.  This created the potential for misidentification, as 
distinguishing among Pristis species can be difficult (e.g. some were identified 
only to the genus Pristis) (see Faria 2007; Thorburn et al. 2007).  The sawfish 
rostra used in this study were identified, prior to genetic analysis, using the 
following morphological characteristics of the rostra: i) P. zijsron has more teeth 
(25 – 31) on either side of its rostrum than either P. microdon (17 – 24) or P. 
clavata (18 – 24) (see Last & Stevens 2009); and ii) the space between the last 
two teeth at the tip of the rostrum is larger than the previous tooth space in P. 
microdon, but the opposite pattern is true for P. clavata (unpublished data).  
Although the species identifications were generally correct, the resultant genetic 
sequences sometimes suggested they were incorrect.  In these cases, the samples 
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in question were run a second time from an independent DNA extract and PCR 
assay to confirm the species identification (i.e., the genetic identification was 
used). 
 
Table 2.1 Number (No.) of individuals of Pristis microdon collected from each site and 
the approximate collection dates and type(s) of samples obtained.  Sites were located in 
four geographic regions in Australia, the west coast (WC), the north coast (west of the 
Gulf of Carpentaria; NC), the Gulf of Carpentaria (GoC), and the east coast (EC)  
Site No.  Sample Type Date 
WC King Sound 4 Rostrum 2002 – 2008 
 Fitzroy River 46 Tissue biopsy and 
rostrum 
2006 – 2009 
 Cape Naturaliste 1 Tissue biopsy 2003 
 TOTAL 51   
     
NC Adelaide River 3 
Tissue biopsy 
2002-2010 
 Daly River 3 Tissue biopsy 1994 
 South Alligator River 2 Rostrum Pre 2008 
 Chambers Bay 1 Rostrum Pre 2008 
 TOTAL 9   
     
GoC Gulf of Carpentaria 2 Tissue biopsy 2002 
 McArthur River 7 Tissue biopsy 2001-2009 
 Wearyan River 1 Tissue biopsy 2001  
 Robinson River 1 Tissue biopsy 2001 
 Western gulf 1 Tissue biopsy Pre 2008 
 Gin Arm Creek 1 Tissue biopsy 2009 
 Disaster Inlet 1 Tissue biopsy 2009 
 Leichhardt River 13 Tissue biopsy 2002 - 2009 
 Flinders/Bynoe/Norman 
Rivers 
14 Tissue biopsy 2002 - 2008 
  Smithburne River 3 Tissue biopsy 2001 
 Gilbert River 11 Tissue biopsy 2004 – 2009 
 Nassau River 5 Tissue biopsy 2002 -2009 
 Mitchell River/Walsh 
River 
16 Tissue biopsy 2002- 2009 
 Kirke River 3 Tissue biopsy 2001 
 Archer River 7 Tissue biopsy 2001 – 2008 
 Wenlock River 1 Tissue biopsy 2009 
 Port Musgrave 1 Tissue biopsy 2008 
 TOTAL 88   
     
EC Normanby River 2 
Tissue biopsy 
2004 
 TOTAL 2   
Chapter 2 General methods 
 31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Approximate sampling locations (in pink) of Pristis microdon 
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Table 2.2 Number (No.) of individuals of Pristis clavata collected from each site and the 
approximate collection dates and type(s) of samples obtained.  The sites were located in 
three geographic regions in Australia, the west coast (WC), the north coast (west of the 
Gulf of Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia.  Locations were 
named according to their proximity to a river mouth, landmark, or city 
 
Site No. Sample Type Date 
WC Cape Keraudren 2 Tissue biopsy 2008 
 80 Mile Beach 6 Tissue biopsy 2003 - 2005 
 Goodenough Bay 3 Tissue biopsy and rostrum Pre 2006; 2009 
 King Sound 14 Tissue biopsy and rostrum Pre 2005; 2007 
 Fitzroy River  8 Tissue biopsy and rostrum 2007 - 2009 
 Collier Bay 5 Tissue biopsy 2005 
 York Sound 2 Tissue biopsy 2003 
 Joseph Bonaparte Gulf 1 Tissue biopsy 2003 
 TOTAL 41   
     
NC Fog Bay 1 Rostrum Pre 2008 
 Darwin 7 Rostrum 2007-2009 
 South Alligator River 2 Tissue biopsy 2001; pre 2010 
 Cobourg Peninsula 1 Tissue biopsy 2010 
 TOTAL 11   
     
GoC John Creek foreshore 1 Tissue biopsy 2004; 2009 
 Albert River 2 Tissue biopsy 2001 
 Leichhardt River 1 Tissue biopsy 2001 - 2008 
 Spring Creek 2 Tissue biopsy 2008 
 Flinders River 1 Tissue biopsy 2004 
 Staaten River 2 Tissue biopsy 2001 - 2002 
 South Mitchell River 2 Tissue biopsy 2001 - 2002 
 Weipa 5 Tissue biopsy 2004 
 Mangrove Island 2 Tissue biopsy 2002 
 Port Musgrave 2 Tissue biopsy 2009 
 Gulf of Carpentaria 6 Tissue biopsy 2001 – 2002 
 TOTAL 26   
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Figure 2.2 Approximate sampling locations (in blue) of Pristis clavata 
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Table 2.3 Number (No.) of individuals of Pristis zijsron collected from each site and the 
approximate collection dates and type(s) of samples obtained.  The sites were located in 
four geographic regions in Australia, the west coast (WC), the north coast (west of the 
Gulf of Carpentaria; NC), the Gulf of Carpentaria (GoC), and the east coast (EC) of 
Australia.  Locations were named according to their proximity to a river mouth, 
landmark, or city 
 
Site No.  Sample type Date 
WC Coral Bay 2 Tissue biopsy 2008 
 Exmouth Bay 1 Rostrum 2008 
 Port Hedland 1 Tissue biopsy 2002 
 Cape Keraudren 13 Tissue biopsy 2008 
 80 Mile Beach 6 Tissue biopsy and rostrum 2003 – 2009 
 Roebuck Bay 1 Tissue biopsy 2004 
 Beagle Bay 2 Rostrum Late 1990’s 
 TOTAL 26   
     
NC Darwin area 1 Rostrum 2007-2009 
 TOTAL 1   
     
GoC Gulf of Carpentaria 3 Tissue biopsy 2004 
 Groote Eylandt 3 Rostrum Pre 2002 
 Albert River 1 Tissue biopsy 2001 – 2002 
 Flinders River 1 Tissue biopsy Pre 2006 
 Karumba 2 Rostrum Pre 2000 
 Weipa 3 Tissue biopsy 2004 
 Port Musgrave 1 Tissue biopsy 2009 
 Mapoon 2 Tissue biopsy 2007 
 Wenlock 1 Tissue biopsy 2005 
 Skardon River 2 Tissue biopsy 2001 – 2002 
 TOTAL 18   
     
EC Goose Creek 3 Tissue biopsy 2001 - 2006 
 Walker Bay 1 Tissue biopsy 2006 
 East coast 2 Tissue biopsy 2006; 2009 
 TOTAL 6   
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Figure 2.3 Approximate sampling locations (in green) for Pristis zijsron 
 
 
 
2.2 DNA extraction 
Total genomic DNA was extracted from preserved tissue biopsies and rostra skin 
tissue from individuals of each of P. microdon, P. clavata, and P. zijsron using one 
of two commercial DNA extraction kits, as described below.   
 
2.2.1 Preserved tissue biopsies 
Total genomic DNA was extracted from approximately 5 mg of either muscle 
tissue or fin clips using a MasterPureTM DNA extraction kit (Epicentre 
Technologies, Sydney).  Tissue samples were homogenized in a 300 µl solution 
of Tissue and Cell Lysis Solution and Proteinase K (50 µg) and incubated at 65°C 
until tissue digestion was complete, which varied from one to three hours.  Once 
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tissue digestion was complete, the samples were cooled to 37°C, RNase A (5 µg) 
was added, and samples were incubated for 30 min at 37°C.  Samples were then 
cooled on ice; vortexed for 15 s after 175 µl of MPC Protein Precipitation 
Reagent was added, and centrifuged for 10 min at 10 000 x g.  The supernatant 
was transferred to a new tube and the DNA was precipitated by centrifuging for 
a further 10 min at 10 000 x g in 500 µl of 100% isopropanol.  The resultant 
supernatant was poured off and the samples were cooled on ice.  The remaining 
DNA pellet was washed twice, with each wash consisting of 500 µl of 75% 
ethanol, and the residual ethanol removed with a pipette.  The samples were 
dried at room temperature and then suspended in 35 µl of TE Buffer (10 mM 
Tris-HCl, 1 mM EDTA, pH 8.0) and stored at -20oC.   
 
The quality and quantity of the DNA obtained in each extract was crudely 
assessed using agarose gel electrophoresis, where 2 µl of the extract and loading 
dye was electrophoresed on a 2% agarose gel with TBE buffer (450 mM Tris, 
450 mM Boric acid, and 10 mM EDTA).  Electrophoresis was carried out at 60 
mA using an uncut lambda DNA standard (5  µg/ml) and gels were stained using 
one of two methods.  In the first method, the gels were post-stained in a 0.5 
µg/ml solution of ethidium bromide for approximately one hour, after which 
they were viewed with Quantity OneTM software under UV light in Gel DocTM 
(BioRad, Sydney).  In the second method, the gels were pre-stained with 2.5 µl 
SYBRTM Safe (Invitrogen; 10 000X in DMSO) and then viewed with VISION-
CaptTM software under UV light in a Fisher Biotec viewer.  
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2.2.2 Rostral samples 
The extraction of DNA from skin tissue of rostra used the methods described 
above, except that the incubation time and volume of Proteinase K was increased 
as necessary to complete tissue digestion (see Phillips 2006; Phillips et al. 
2009a).  Since the rostra had not been specifically preserved for genetic analysis, 
contamination by contemporary DNA (of sawfish and other species) was a 
fundamental concern (see Mulligan 2005; Wandeler et al. 2007 Phillips et al. 
2009a).  The genetic assays involving the rostral tissues, therefore, followed the 
recommended ‘essential’ controls by Mulligan (2005) for ‘ancient DNA’.  This 
included, among other controls, undertaking the rostral work in a laboratory 
that had not previously contained the contemporary tissue of any elasmobranch.  
 
2.2.3 Difficult samples 
When attempts to extract DNA from certain samples were unsuccessful using the 
MasterPureTM extraction method, attempts were made to extract DNA from 
some of these samples using a DNeasy Blood & Tissue Kit spin column method 
(Qiagen, USA) (see Lo 2010).  Specifically, this method was used for samples of P. 
microdon from the north coast in order to bolster sample sizes for this region 
and these attempts were sometimes successful (36%, N = 11).  These samples 
comprised either skin tissue from rostra or formalin-fixed, ethanol-stored 
muscle from museums.  The extraction protocol started with the digestion of 25 
mg of tissue in a 200 µl solution of Buffer ATL and Proteinase K (supplied by 
Qiagen) and incubated at 56°C for one to three hours.  Once tissue digestion was 
complete, 200 µl of Buffer AL and 200 µl of 100% ethanol were added to the 
sample and briefly vortexed.  The solution was transferred to a spin column and 
centrifuged for one min at ≥ 6 000 x g.  The flow-through was discarded; the 
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column placed into a new collection tube with 500 µl Buffer AW1, and the 
mixture was centrifuged for one min at ≥ 6 000 x g.  The flow-through was again 
discarded, the column was placed into a new collection tube with 500 µl of 
Buffer AW2 and the mixture centrifuged for three min at 20 000 x g.  The spin 
column was then transferred to a microcentrifuge tube and the DNA eluated 
with 200 µl of Buffer AE and centrifuged for one min at ≥ 6 000 x g.  The 
resultant DNA was stored at -20oC.  The tissue samples that had been formalin-
fixed before long-term storage in ethanol were treated prior to tissue digestion 
by washing the sample twice in 1 X Phosphate buffered saline (PBS) solution to 
remove the fixative (recommended by Qiagen). 
 
2.3 Mitochondrial DNA 
The analysis of mitochondrial DNA (mtDNA) variation in each of P. microdon, P. 
clavata, and P. zijsron was based upon the patterns of nucleotide sequence 
variation in a portion of the mtDNA control region.  This marker is maternally 
inherited and therefore provides information about the gene flow of the female 
component of populations (Prugnolle & de Meeus 2002).  The mtDNA control 
region was targeted for analysis because, in most vertebrates, it is characterized 
by substitution rates five- to 10-fold higher than any other portion of the mtDNA 
genome and is, therefore, likely to include relatively high levels of intraspecific 
variation (Kocher et al. 1989; Hoelzel et al. 1991; Lopez et al. 1997).  Despite the 
fact that the mutation rate of the mtDNA in elasmobranchs is relatively slow 
(Martin et al. 1992; Martin 1995), other studies have found the mtDNA control 
region to be sufficiently polymorphic to assess population structure (e.g. Keeney 
et al. 2005; Duncan et al. 2006).  The protocols used in this study to generate the 
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nucleotide sequence data, followed by the details of the primer design, are 
described below. 
 
2.3.1 Polymerase Chain Reaction 
Polymerase chain reaction (PCR) was used to amplify a portion of the control 
region of the mtDNA in individuals of P. microdon, P. clavata, and P. zijsron using 
a forward (CRF15: 5’- ACGTATCCGTAATACTCAT) and reverse (CRR425: 5’- 
ATGCAAATATTATGTCGAGGGTAG) primer that were designed as a part of this 
study (see below).  PCR amplification was performed in a reaction mixture 
containing ~10 ng of DNA template, 1 mM of TAQ buffer (with 1.5 mM MgCl2; 
Roche), 0.1 mM of dNTPs (Promega pre-mix), 0.5 U of Taq polymerase (Roche), 
0.4 µM of each primer, and adjusted to a final volume of 50 μl with PCR-grade 
water.  A positive control, i.e., a PCR assay with a DNA sample that amplified in 
previous assays, and a negative control, i.e., a PCR assay without added DNA, 
were incorporated into each PCR run. 
  
The amplification conditions for individuals of P. microdon and P. clavata 
consisted of a 5 min initial denaturation phase at 94°C, followed by 35 cycles, 
with each cycle consisting of: 30 s of denaturation at 94°C, 30 s of annealing at 
58°C (P. clavata) or 59°C (P. microdon), and 30 s of extension at 72°C; followed 
by a final extension at 72°C for 7 min.  The amplification conditions for 
individuals of P. zijsron consisted of touchdown PCR with a 5 min initial 
denaturation phase at 94°C, followed by 50 cycles, with each cycle consisting of: 
30 s of denaturation at 94°C, 1 min of annealing starting at 62°C with a 0.4°C 
decrease in each cycle, and 30 s of extension at 72°C; followed by a final 
extension at 72°C for 7 min.  Prior to sequencing, the quality and quantity of the 
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PCR products were crudely assessed via agarose electrophoresis, using 
essentially the same methods as those described for the screening of the DNA 
extracts (section 2.2.1), except that Phi x 174 (10 μg/ml) was used for a 
molecular weight size standard. 
 
2.3.2 DNA sequencing 
Prior to sequencing, PCR products were cleaned using Qiaquick columns 
(Qiagen), according to the manufacturer’s protocol.  The sequencing was carried 
out using the dye terminator cycle sequencing method.  Each sequencing 
reaction was prepared using ~30 ng of clean PCR product, 1 mM of the forward 
or reverse primer, and a Big Dye 3.1 terminator cycle sequencing ready reaction 
kit following the manufacturer’s protocol (Applied Biosystems), except that all 
sequencing was done using half reactions.  Sequencing PCR consisted of an 
initial denaturation at 96°C for 2 min, followed by 25 cycles each consisting of:  
10 s of denaturation at 96°C, 5 s of annealing at 50°C and 4 min of extension at 
60°C; and a final cooling period at 8°C.  The purified PCR product was 
precipitated by adding 1 μl of 3 M sodium acetate, 1 μl of 125 mM EDTA, and 25 
μl of 100% ethanol.  The mixture was briefly vortexed, kept at room temperature 
for 15 min, and then centrifuged for 30 min at 14 000 rpm.  The resultant 
supernatant was removed and the pellet washed with 125 μl of 70% ethanol, 
then centrifuged at 14 000 rpm for a further 10 min.  The resultant supernatant 
was again discarded, and the remaining DNA pellet was dried in a laminar flow.  
The sequencing product was electrophoresed and the raw data chromatogram 
was generated using an Applied Biosystems 3730 DNA Analyzer automated 
sequencer.  The forward and reverse sequences for each individual were aligned 
using the software GeneToolTM Lite 1.0 (Wishart et al. 2000), the primer 
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sequences removed from both ends, and a forward reading consensus sequence 
generated.  The identities of the sequences of P. microdon, P. clavata, and P. 
zijsron were confirmed by BLAST searches of the GENBANK database, where the 
most similar sequences (at the time) were those for the mtDNA control region 
from two other elasmobranchs, namely the Deepwater Stingray, Plesiobatis 
daviesi (GenBank accession number AY597334), and the Bonnethead Shark, 
Sphyrna tiburo (GenBank accession number DQ168923.1).  
   
To check the accuracy of the generated sequences, nucleotide sequence data 
were obtained from an independent assay, i.e., a separate DNA extract and PCR 
product, for ~10% of the samples.  The replicated samples were chosen at 
random using a random number table and assigning each previously sequenced 
sample a number (e.g. 1 – 149 for P. microdon).  A total of 29 sequences were 
replicated across the three species (N = 271); 15 for P. microdon (N = 149), eight 
for P. clavata (N = 73), and six for P. zijsron (N = 49), and the nucleotide 
sequences generated from the independent assays were identical.   
 
2.3.3 Primer design 
As noted above, the primers that were used to amplify a portion of the left 
domain (at position ~300 – 650 base pairs (bp)) of the mtDNA control region in 
each of the Pristis sawfishes (CRF15 and CRR425) were designed as a part of this 
study.  The primers were designed from nucleotide sequences from individuals 
of P. microdon from the Gulf of Carpentaria region (N = 4) and individuals of P. 
clavata (N = 9) and P. zijsron (N = 2) from the west coast.  These sequences were 
themselves generated using a different set of primers (CRF260: 5’-
CCTCATTAATAGACATTC-3’ and CRR770: 5’-CTGTGAATGAAGTAAGTAG-3’) that 
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were not ultimately used because they could not amplify the mtDNA control 
region in individuals of P. microdon from the west coast.  The primers CRF260 
and CRR770 were developed from entire mtDNA control region sequences from 
individuals of Anoxypristis cuspidata (N = 2), P. clavata (N = 9), and P. zijsron (N = 
2), which were generated using the primers designed by Pardini et al. (2001).  
The entire mtDNA control region was not used to generate population genetic 
data because the DNA from the historic rostra and older (e.g. up to 15 years old) 
‘preserved’ samples was often degraded and a large fragment (i.e., ~1 000 bp) 
was unlikely to amplify in such samples (see Wandeler et al. 2007; Phillips et al. 
2009a).  In addition, the entire mtDNA control region failed to amplify in 
individuals of P. microdon and it was considered advantageous to have a single 
set of primers that could amplify the mtDNA control region in all three Pristis 
species, as some samples were not identified past the genus Pristis and 
misidentification of species in the field can occur (see section 2.1.1).   
 
2.4 Microsatellites 
The analysis of nuclear DNA (nDNA) variation in each of P. microdon, P. clavata, 
and P. zijsron was based upon patterns of allele length variation at seven (P. 
microdon) or eight (P. clavata, and P. zijsron) polymorphic microsatellite loci.  
These loci are bi-parentally inherited, providing information on the gene flow in 
both the female and male components of populations (Prugnolle & de Meeus 
2002).  The loci used in this study were obtained from a microsatellite-enriched 
partial genomic library developed for the smalltooth sawfish, Pristis pectinata, 
some of details for which have been published by Feldheim et al. (2010).  The 
locus selection and assay optimization for P. zijsron was done in conjunction 
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with Lo (2010).  The following describes the details of the microsatellite loci and 
assay protocols that were ultimately used in this study, followed by details of 
locus selection and assay optimization. 
 
2.4.1 Microsatellite loci 
Ultimately, a total of seven loci were selected for use in P. microdon and eight 
loci in each of P. clavata and P. zijsron (see Table 2.4).  These loci were selected 
for analysis because preliminary results indicated that each of them: i) could be 
reliably amplified; ii) was polymorphic in the target species; and iii) generally 
did not exhibit scoring artifacts such as null alleles.  The characteristics of the 
loci used for each species, including primer sequences, repeat motif, and allele 
size range as well as the PCR cycling conditions are summarized in Table 2.4.  
The primers used for most loci were as suggested by Feldheim (2010), but those 
for two loci (Ppe172 and Ppe179) were slightly modified (Table 2.4).   
 
2.4.2 Polymerase Chain Reaction 
PCR was used to amplify the alleles at the microsatellite loci.  The forward 
primer for each locus was fluorescently labeled with 6-FAM (Ppe4, Ppe5, Ppe69, 
Ppe88, Ppe122, Ppe167, Ppe172, Ppe180) (Geneworks), VIC (Ppe152), PET 
(Ppe179), or NED (Ppe186) (Applied Biosystems), while the reverse primer was 
unlabeled.  PCR amplification was performed in a reaction mixture containing 
~10 ng of DNA template, 1 mM of TAQ buffer (with 1.5 mM MgCl2; Roche), 0.1 
mM of dNTPs (Promega premix), 0.25 U of Taq polymerase (Roche), 0.04, 0.08, 
or 0.2 µM of each primer (see Table 2.5), and adjusted to a final volume of 15 μl 
with PCR-grade water.  The alleles were amplified using either a 50-cycle 
touchdown approach or a single annealing temperature (see Table 2.4).  The 
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protocol for the 50-cycle touchdown PCR consisted of an initial 5 min 
denaturation phase at 94°C, followed by 50 cycles, with each cycle consisting of: 
30 s of denaturation at 94°C, 1 min of annealing at the optimized starting 
temperature (see Table 2.4) with a 0.4°C decrease in each cycle, and 30 s of 
extension at 72°C; followed by a final extension at 72°C for 20 min.  The PCR 
protocol for the single annealing temperature consisted of an initial 5 min 
denaturation phase at 94°C, followed by 35 - 50 cycles (see Table 2.4), with each 
cycle consisting of: 30 s of denaturation at 94°C, 1 min of annealing at the 
optimized temperature (see Table 2.4), and 30 s of extension at 72°C; followed 
by a final extension at 72°C for 20 min.  A positive control and a negative control 
were also incorporated into each PCR run.  A total of ten samples per species 
were used for positive controls over all PCR runs and data were generated from 
independent DNA extracts and PCR assays for each of the ten samples of each 
species. 
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Table 2.4 Characteristics and PCR cycling conditions of the 12 microsatellite loci that were used to generate genetic data for Pristis microdon, 
Pristis clavata, and Pristis zijsron.   Loci are from a microsatellite-enriched partial genomic library of Pristis pectinata and the repeat motif number 
is that provided by Feldheim et al. (2010) 
 
 
Locus Forward and reverse primer sequences Repeat motif Species Allele size range 
(base pairs) 
Ta No. of 
cycles 
Ppe4 F: 5’-CCATGAACCCATGAACATTACA-3’ 
R: 5’-AAGGCATGAAATTACTGCAAA-3’ 
(TATC)33TAATC(TATC)21 P. microdon 
P. clavata 
P. zijsron 
118  170 
131 – 191 
130 – 182 
 
60  40°C 
60  40°C 
55°C 
 
50 
50 
35 
Ppe5 F: 5’-CGGATATAGATGAATGTTTGGTG-3’ 
R: 5’-GCGTGAAGAGAGTTAGTACAGCA-3’ 
(TATC)59 P. microdon 
P. clavata 
240  346 
261 – 361 
 
60  40°C 
60  40°C 
50 
50 
Ppe69 F: 5’-GAGAGAACGCGAGCCATAGT-3’ 
R: 5’-CCCTATTTATCTATCTGTCTTTC-3’ 
(TGGA)17 P. clavata 196  232 55°C 50 
Ppe88 F: 5’-CCTGCTGCTCATCGAGTGTA-3’ 
R: 5’ACTCGTCCATTCCATCCAAG-3’ 
(TATC)60 P. zijsron 228  372 55°C 35 
Ppe122 F: 5’-GCTCGAAGCAAATTTTTCAC-3’ 
R: 5’-GTGCCAGAGTGATGGAGACC-3’ 
(TGTC)16(TATC)14 P. microdon  
P. clavata 
 
199 – 235 
195 – 227 
 
60  40°C 
60  40°C 
50 
50 
Ppe152 F: 5’-TGCATCATTTCCAGAAGTACG-3’ 
R: 5’-TGACCTCGCCTGGAGTAGA-3’ 
(TAGA)39 P. clavata 
P. zijsron 
181 – 249 
177  213 
60  40°C 
60  40°C 
 
50 
40 
Ppe165 F: 5’-CCTTCTTCCATATTTATGACTCCA-3’ 
F: 5’-CAGTGCTGGACCTTCAGTGT-3’ 
(TAGA)29 P. clavata 
P. zijsron 
196 – 312 
232  288 
55°C 
55°C 
50 
50 
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Table 2.4 (continued) Characteristics and PCR cycling conditions of the 12 microsatellite loci that were used to generate genetic data for Pristis 
microdon, Pristis clavata, and Pristis zijsron.   Loci are from a microsatellite-enriched partial genomic library of Pristis pectinata and the repeat 
motif number is that provided by Feldheim et al. (2010)  
 
Locus Forward and reverse primer sequences Repeat motif Species Allele size range 
(base pairs) 
Ta No. of 
cycles 
Ppe167 F: 5’-TCTGGTCAATTATGGCATGAAA-3’ 
R: 5’-CGGTAGCTTGCTGAGTTCCT-3’ 
(TG)30 P. microdon 323  395 55°C 50 
Ppe172 F: 5’-AGCATCAGTCAGCAGGACATT-3’ 
R: 5’-CGTTTATGTTTCCAATATGCAC-3’ 
(TC)12(AC)11 P. microdon 
P. zijsron 
 
150  202 
216 – 254 
 
55°C 
55°C 
40 
40 
Ppe179 F: 5’-CAGCAACATCCAAATCCTGA’3’ 
R: 5’-TCCATGTACCTGTCCAAATG-3’ 
 (TAGA)23 P. clavata 
P. zijsron 
194 – 250 
186  242 
60  40°C 
64  44°C 
 
50 
50 
Ppe180 F: 5’-TAATCGGGCGAATAGATTGA-3’ 
R: 5’-TTTGGGCTTTCAACTGCTG-3’ 
(TAGA)25(CAGA)16 P. microdon 
P. zijsron 
 
247  403 
283 – 391 
 
55°C 
55°C 
50 
40 
Ppe186 F: 5’-CAAAGTTGAAAGGTGGTGGA-3’ 
R: 5’-AATGATGCCCAAATCCAAAA-3’ 
(TATC)28 P. microdon 
P. clavata 
P. zijsron 
 
202 – 296 
218 – 294 
270 – 310 
 
63  43°C 
60  40°C 
60  40°C 
50 
50 
50 
     Ta = annealing temperature; No. = number
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2.4.3 Fragment length analysis 
Each PCR product (see Table 2.5 for volumes) was added to a well in a Fisher 
Biotec 96-well plate, along with 15 μl of (Hi-Di) formamide and 0.1 μl of LIZ 600 
size standard (GeneScan).  Selected sets of PCR products were multiplexed, 
meaning they were loaded into the same well and analyzed in the same capillary 
tube together (see Table 2.5).  The plates were sealed with a septum and the PCR 
products subjected to electrophoresis and laser detection in capillary tubes.  A 
raw chromatograph of the results was produced via an Applied Biosystems 3730 
DNA Analyzer.  The size of each allele at each locus was automatically scored 
using the software GENEMARKER v.1.8 (SoftGenetics Inc.) and was manually 
checked for error.  To check the accuracy of the allele calls, the alleles for at least 
28% of the individuals of each species and each locus were blindly scored by two 
independent researchers (see Morin et al. 2010).  This double scoring was 
conducted at all seven loci for 60 individuals of P. microdon and at all eight loci 
for 20 individuals for each of P. clavata and P. zijsron.  More individuals of P. 
microdon were double-scored because the data for this species were generated 
first and the author did not have previous experience genotyping (see Morin et 
al. 2010).  Overall, blind double scoring was conducted for 100 individuals 
(~43% of 234 individuals) and the results were consistent between researchers.  
Two positive controls, PCR samples that had been scored as a part of a previous 
assay, were included in all plates to ensure consistency in the scoring of alleles 
across plates (the maximum difference in scoring between plates was ± 0.3 bp). 
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Table 2.5 PCR primer concentrations, fragment length analysis (FLA) loading volumes, 
and multiplex combinations for microsatellite loci for each of Pristis microdon, Pristis 
clavata, and Pristis zijsron.  The first number for the PCR primer concentration and FLA 
loading volumes refers to the first locus listed, and the second number in each of these 
columns refers to the second locus in the multiplexed combination 
 Loci multiplexed PCR primer 
concentration (µM) 
FLA loading volumes 
(µl) 
P. microdon Ppe4; Ppe180 0.04; 0.04 1; 1 
 Ppe5; Ppe186 0.04; 0.04 0.5; 1 
 Ppe122; Ppe167 0.04; 0.2 0.5; 2 
 Ppe172 0.2 2  
    
P. clavata Ppe69; Ppe179 0.04; 0.04 1; 1 
 Ppe5; Ppe122 0.04; 0.04 1; 1 
 Ppe4; Ppe186 0.04; 0.04 1; 1 
 Ppe165; Ppe152 0.2; 0.04 1; 1 
    
P. zijsron Ppe4; Ppe165 0.2; 0.2 1; 1 
 Ppe88; Ppe152 0.08; 0.04 1; 1 
 Ppe172; Ppe180 0.2; 0.2 1; 1 
 Ppe179; Ppe186 0.04; 0.04 1; 1  
 
2.4.4 Loci selection 
A total of 24 loci were selected for testing from the microsatellite-enriched 
library of Feldheim et al. (2010) on the basis that the sequence generated was of 
good quality, i.e., there were few, if any, ambiguous ‘N’ bases, particularly in the 
flanking regions (to facilitate primer design), and the size of the locus was 
suitable for population genetic analyses of the available samples.  For example, 
each locus had to be large enough to most likely be polymorphic within each of 
the study species (e.g. > 100 bp), but not so large as to make amplification of 
degraded DNA samples difficult or unreliable (e.g. < 400 bp; see Phillips et al. 
2009a).  The 24 selected loci were initially screened for each species with five, or 
in the case of P. zijsron, six individuals to determine if the primers would reliably 
produce a PCR amplicon (see Lo 2010 for details for P. zijsron).  Of the 24 loci, 19 
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reliably produced an amplicon in individuals of P. microdon and 15 in each of P. 
clavata and P. zijsron (see Table 2.6).  The forward primer of each locus that 
successfully amplified a product in at least one of the study species was 
fluorescently labeled and the locus was screened for allele length polymorphism.  
Of the loci found to reliably amplify alleles in each of the Pristis sawfishes, 13 
were polymorphic for P. microdon, 10 for P. clavata, and nine for P. zijsron.  The 
assay conditions for each of the polymorphic loci in each species were optimized 
prior to testing for Hardy-Weinberg Equilibrium (HWE). 
 
2.4.5 Assay Optimization  
The assay conditions for all of the loci that reliably produced a PCR product and 
were polymorphic in the preliminary trials (see above) were optimized prior to 
testing for HWE.  Optimization involved adjusting PCR cycling conditions, primer 
concentrations, and the volume of PCR product loaded onto the fragment 
analysis plates. 
 
 2.4.5.1 Optimization of PCR cycling conditions 
  2.4.5.1.1 Amplification of a ‘good’ PCR product  
The alleles at each of the 24 loci for P. microdon and P. clavata and at Ppe152, 
Ppe179, and Ppe186 for P. zijsron (see section 2.4.4) were initially amplified 
using a 50-cycle touchdown PCR with an annealing temperature starting at 60°C 
(with a 0.4°C decrease in each cycle) and a (unlabeled) primer concentration of 
0.4 µM.  These PCR cycling conditions generally produced ‘good’ amplicons (e.g. 
‘strong’ PCR products with minimal mis-priming) when the PCR products were 
viewed on agarose gel.  However, the amplified products at some loci were weak 
or had substantial mis-priming, when viewed on agarose gel.                         
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Table 2.6 Outcome of the testing of 24 microsatellite loci for Pristis microdon, Pristis 
clavata, and Pristis zijsron.  More than one set of primers were tested for Ppe53 and 
Ppe172; the different primers for each of these loci are indicated by f1, f2, r1, and r2 
Locus  P. microdon P. clavata P. zijsron 
Ppe4* Used in study Used in study Used in study 
Ppe5* Used in study Used in study Poor amplification 
Ppe8* Monomorphic Not in HWE Monomorphic 
Ppe37* Not in HWE Not in HWE Poor product on 
plate 
Ppe53 f1 Poor amplification Poor amplification Poor product on 
plate 
Ppe53 f2 Poor product on plate Poor amplification Poor amplification 
Ppe69* Not in HWE Used in study Poor amplification 
Ppe73* Not in HWE Poor amplification Poor amplification 
Ppe77 Poor product on plate Poor amplification Poor amplification 
Ppe88* Poor amplification Poor amplification Used in study 
Ppe89 Poor amplification Poor amplification Poor amplification 
Ppe107 Poor amplification Poor product on plate Poor product on 
plate 
Ppe114 Poor product on plate Poor product on plate Poor amplification 
Ppe122* Used in study Used in study Poor amplification 
Ppe152* Not in HWE Used in study Used in study 
Ppe157 Monomorphic Monomorphic Poor amplification 
Ppe160* Not in HWE Monomorphic Monomorphic 
Ppe165* Poor amplification Used in study Used in study 
Ppe167* Used in study Poor amplification Not in HWE 
Ppe168* Not in HWE Poor amplification Poor product on 
plate 
Ppe172 r1 Poor amplification Poor amplification Poor amplification 
Ppe172 r2* Used in study Monomorphic Used in study 
Ppe173* Poor product on plate Poor amplification Poor amplification 
Ppe179* Poor amplification Used in study Used in study 
Ppe180* Used in study Poor amplification Used in study 
Ppe186* Used in study Used in study Used in study 
HWE = Hardy-Weinberg Equilibrium; loci found to be polymorphic in at least one species 
designated by *; poor product on plate indicates that the product had a large stutter and/or was 
difficult to score 
 
When the PCR products were weaker than desired, as determined via agarose 
gel electrophoresis (e.g. Ppe180 in P. microdon and Ppe69 and Ppe165 in P. 
clavata), a single low annealing temperature (55°C) was trialed, and in all cases, 
appeared to result in ‘stronger’ products.  In instances of substantial mis-
priming (e.g. Ppe186 in P. microdon and Ppe179 in P. zijsron), the starting 
annealing temperature was increased from 60°C by 1°C until mis-priming was 
Chapter 2 General methods 
 51 
eliminated (e.g. 63°C for Ppe186 in P. microdon and 64°C for Ppe179 in P. zijsron, 
see Table 2.4).  The remaining loci for P. zijsron were tested by Lo (2010) using 
six individuals and a single annealing temperature (55°C) protocol with 35 
amplification cycles.  When the resultant PCR product was weak (as determined 
via agarose gel electrophoresis), the cycle number was increased from 35 to 40 
and, if necessary, to 50 (see Lo 2010).  Once the PCR cycling conditions were 
optimized for each locus and species, fluorescently labeled primers were 
incorporated into the PCR (at a starting concentration of 0.04 µM, see below) 
and the locus was screened via fragment length analysis.  
 
  2.4.5.1.2 Stutter reduction 
Although the initial PCR cycling conditions (i.e., 50-cycle touchdown PCR; see 
above) produced a good PCR amplicon for the di-nucleotide loci in P. microdon 
(i.e., Ppe172 and Ppe167), these loci exhibited a substantial stutter on the 
chromatogram that could have affected the accuracy of scoring alleles (Figure 
2.4).  In an attempt to reduce this stutter, a number of modifications to the PCR 
assay conditions were tested (one at a time) on one locus (Ppe172), including: i) 
different ratios of forward and reverse primer concentrations; ii) reducing the 
number of amplification cycles; and iii) using a single annealing temperature 
rather than touchdown PCR (Figure 2.4).  The only modification that reduced the 
stutter at this locus was the use of a single annealing temperature rather than 
touchdown PCR.  Consequently, a single annealing temperature was used to 
amplify alleles at this locus and also Ppe167. 
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Figure 2.4 Stutter patterns at the microsatellite locus Ppe172 in Pristis microdon using: 
a) a 50-cycle touchdown PCR with an annealing temperature of 60 – 40°C; and b) a 
single annealing temperature of 55°C.  The stutter, allele, and the adenylated A (poly A) 
are indicated on each chromatogram; note the reduced stutter in b 
 
2.4.5.2 Optimization of fragment length analysis  
Some of the loci that reliably produced a good amplicon, as determined via 
agarose gel (see section 2.4.5.1.1), had relative fluorescent units (rfus) that were 
too low or too high for accurate scoring on the initial fragment analysis plate.  
This was potentially problematic because products with rfus that are too high 
can ‘pull-up’ and bleed into samples in other lanes whilst products with low rfus 
can lead to errors in scoring (e.g. can be obscured by ‘pull-ups’ from samples in 
other lanes).  Two approaches were made to optimize the amount of PCR 
product loaded onto the fragment analysis plate; firstly the volume of PCR 
product loaded onto the plate was altered, and when this was insufficient, the 
primer concentration in the PCR cycling was changed.  In instances where the 
rfus of the PCR products were too high (e.g. > 20 000 rfus), the loading volume 
was decreased from 1 µl to 0.5 µl.  This modification effectively reduced the rfus 
to an appropriate level (e.g. 3 000 - 20 000 rfus).  When the rfus of the products 
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were lower than desired (e.g. < 3 000 rfus), the loading volumes were initially 
increased from 1 µl to 2 µl, but this change was insufficient for weak products.  
Therefore, the primer concentrations in the PCR cycling were increased 
systematically from 0.04 µM to 0.08 µM, and if necessary, to 0.2 µM, for products 
with low rfus.  The loading volumes were then trialed again at 1 µl, and when 
required (e.g. < 3 000 rfus), increased to 2 µl.  These modifications produced 
good results for all loci that were initially weak at 0.04 µM primer 
concentrations and 1 µl loading volumes.  
 
2.4.6 Hardy-Weinberg Equilibrium 
Once the assay conditions for all of the loci that reliably produced a product and 
were polymorphic were optimized, data were generated for approximately 20 
individuals of each species at each ‘potential’ locus to test for deviations in the 
observed versus expected number of homozygotes and heterozygoes.  Deviation 
from HWE suggests that one of the assumptions (e.g. large populations, random 
mating, no natural selection, no migration, and no mutation) has been violated 
or signifies the presence of PCR artifacts, such as null alleles or large allele 
dropout, which would render the locus unsuitable for the purposes of this study 
(see Nei 1987; Leal 2005).  For the loci ultimately used in this study, the 
observed numbers of homozygotes and heterozygotes at each locus were 
generally effectively the same as those expected under HWE conditions (see 
Table 2.6; Chapter 3 section 3.3.2.1 & Chapter 4 sections 4.3.1.2.1 & 4.3.2.2.1 for 
details). 
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Chapter 3: Population structure and genetic diversity of the 
freshwater sawfish, Pristis microdon, in Australian waters 
 
3.1 Introduction 
As described in Chapter 1, the overall aim of this research was to generate 
information about the population genetics of the Pristis sawfishes in Australian 
waters to aid in the development of effective conservation plans.  This chapter 
focuses on the elucidation of the levels of genetic diversity and the population 
structure of the Freshwater Sawfish, Pristis microdon.  
 
Published population genetic studies of sawfishes are virtually non-existent (see 
Chapter 1 section 1.3.6) and such studies of rays are limited to a handful of 
species (e.g. Sandoval-Castillo et al. 2004; Chevolot et al. 2006a; 2006b; Plank et 
al. 2010; Schluessel et al. 2010; Sandoval-Castillo & Rocha-Olivares 2011).  
Population genetic studies of sharks, on the other hand, are becoming more 
common, largely due to concerns over stock depletion as a result of overfishing 
and by-catch mortality (e.g. Dulvy et al. 2008).  Despite the circumstantial 
evidence for declines in abundance for most elasmobranchs, many populations 
have retained relatively high levels of genetic diversity (see Hoelzel et al. 2006; 
Ovenden et al. 2009; Daly-Engel et al. 2010), possibly in association with their 
long, overlapping generations (e.g. Lippe et al. 2006) and/or multiple paternity 
(Daly-Engel et al. 2010; Sandoval-Castillo & Rocha-Olivares 2011).  Genetically 
depauperate elasmobranch populations seem to be limited to those that have 
undergone extreme declines in abundance (e.g. Musick et al. 2007) or have been 
affected by historical processes, such as founder effects (e.g. Otway et al. 2004; 
Stow et al. 2006).  
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There is a growing body of evidence to suggest that most elasmobranchs exhibit 
matrilineal structuring, although the spatial scale over which structuring occurs 
differs between species (e.g. Pardini et al. 2001; Keeney et al. 2005; Duncan et al. 
2006; Dudgeon et al. 2009; Appendix B).  The presence of matrilineal structuring 
over relatively small spatial scales, e.g. along continuous coastlines, is generally 
attributed to female philopatry and appears to be common in ‘coastal’ 
elasmobranchs where adult and juvenile habitats are spatially removed (e.g. 
Feldheim et al. 2002; Hueter et al. 2005; Keeney et al. 2005; Karl et al. 2011).  In 
addition, female philopatry is sometimes, although not always, coupled with 
male-biased dispersal in elasmobranchs (e.g. Pardini et al. 2001; Keeney et al. 
2005; Portnoy et al. 2010; Karl et al. 2011).  However, it is difficult to disentangle 
why male-biased dispersal occurs in some elasmobranchs and/or locations, and 
not others, because male dispersal may be limited by a combination of factors 
(e.g. physical barriers, dispersal capability, demographic history) and sex-
specific dispersal has been assessed in too few elasmobranchs for a clear pattern 
to emerge (e.g. ~13 species; see Appendix B). 
 
Pristis microdon is the only elasmobranch known (to date) to have a life history 
with marine adults and juveniles that utilize freshwater rivers (see Chapter 1 
section 1.3.4.1.3; Thorburn et al. 2007; Whitty et al. 2009).  A number of other 
elasmobranchs occur in freshwater rivers (e.g. Bull Shark, Carcharhinus leucas, 
Freshwater Whipray, Himantura dalyensis, Northern River Shark, Glyphis glyphis; 
see Martin 2005; Last & Stevens 2009), but it is not clear whether they exhibit 
similar life histories to P. microdon.  For example, individuals of C. leucas are 
found in freshwater, but their nursery areas are generally in estuarine waters, 
and sometimes in freshwater rivers and, furthermore, adults also occur in 
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freshwater rivers (i.e., the spatial separation of adult and juvenile habitat in C. 
leucas is not as extreme and rigid as in P. microdon; see Simpfendorfer et al. 
2005).  Given the extreme spatial separation of adult and juvenile habitat in P. 
microdon, philopatry could be a valuable strategy for the females to maximize 
their chances of giving birth in the vicinity of a suitable river.  This strategy 
would be particularly useful in northern Australia, where the distribution of high 
quality freshwater nursery habitats is sparse and patchy (e.g. DiBattista et al. 
2008).  Therefore, there is the potential for a strong and localized philopatry in 
females and hence, large amounts of matrilineal structuring, in P. microdon.  
Since female philopatry is often coupled with male dispersal in elasmobranchs, 
P. microdon could potentially have male-biased dispersal in Australian waters.   
  
In order to provide unequivocal evidence of sex-biased dispersal, it is necessary 
to combine tagging data (~movement) and genetic data (~gene flow).  Genetic 
data provide an efficient and effective first step in testing for sex-biased 
dispersal in sawfishes in Australian waters as obtaining long-term tagging data 
is expensive, time-consuming, and adult sawfishes are logistically difficult to tag 
(see Chapter 1 section 1.4).  This study applies the approach of using 
information on the distribution of genetic variation from maternally inherited 
mitochondrial DNA (mtDNA) and bi-parentally inherited microsatellite (nDNA) 
markers to test for the presence of sex-biased dispersal in P. microdon (see 
Prugnolle & de Meeus 2002).  Discordance in the amount of spatial 
heterogeneity in mtDNA versus nDNA markers, e.g. structuring in mtDNA but not 
in nDNA, is generally indicative of sex-biased dispersal, although some level of 
discordance is to be expected due to the characteristics of the markers (i.e., 
effective population sizes and rates of genetic drift).  The aims of this chapter 
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were to use mtDNA and nDNA markers to assess: i) the levels of genetic diversity 
in the assemblages of P. microdon in northern Australian waters; and ii) whether 
P. microdon exhibits genetic structuring in northern Australian waters, including 
tests for sex-biased dispersal. 
 
3.2  Methods 
3.2.1 Sampling 
The analyses of the genetic diversity and population structure of P. microdon are 
based on the samples of this species described in Chapter 2, section 2.1.  These 
samples were obtained primarily from juveniles in rivers from sites in four 
geographic regions in Australia: the west coast (WC), the north coast (west of 
the Gulf of Carpentaria; NC), the Gulf of Carpentaria (GoC), and the east coast 
(EC). 
 
3.2.1.1 Sample pooling  
Although the pooling of samples is not ideal (e.g. it would be ideal to have large 
samples sizes at each site with relatively evenly spaced sites across an entire 
geographic range), the small sample sizes at individual sites (see Chapter 2 
section 2.1) meant that some samples of P. microdon had to be pooled in a 
meaningful way to produce relatively robust results.  The samples from the west 
coast came from only a single river and its drainage (the Fitzroy River and King 
Sound), notwithstanding the one sample from Cape Naturaliste (which is an 
anomaly) and, therefore, were pooled to form the ‘west coast’ sample.  The 
samples from the north coast came from sites in close proximity and had small 
sample sizes (i.e., N  3) and so, were pooled to form the ‘north coast’ sample.  
The validity of the pooling of the samples from the north coast is supported by 
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the result of a preliminary analysis, which did not reveal any evidence of mtDNA 
heterogeneity among these samples (see Table C1 in Appendix C).  On the other 
hand, the results of a preliminary analysis indicated the presence of mtDNA 
heterogeneity in P. microdon in the Gulf of Carpentaria (see Table C1 in 
Appendix C).  Consequently, for this region, most analyses were conducted at the 
level of individual rivers, or when the sample sizes from single rivers were too 
small to permit robust comparisons (e.g. generally less than 10 individuals, see 
Table 2.1 in Chapter 2), groups of neighboring rivers.  The groups of neighboring 
rivers were formed on the basis that the sites were in close proximity (or as in 
the case of the Flinders, Norman, and Bynoe rivers, form a relatively continuous 
flood plain, Peverell pers. comm.), N  8 for the grouped samples, and the result 
of a preliminary analysis did not reveal any evidence of mtDNA heterogeneity 
among the samples (see Table C2 in Appendix C).  The samples from the Gulf of 
Carpentaria were, therefore, as follows: the western gulf (western gulf; 
McArthur, Wearyan, and Robinson rivers; N = 10), the Leichhardt River area (Gin 
Arm Creek, Disaster Inlet, Leichhardt River; N = 15), the Flinders River area 
(Flinders/Norman/Bynoe, and Smithburne rivers; N = 17), the Gilbert River (N = 
11), the Mitchell/Walsh rivers (N = 16), and the Kirke/Archer rivers (N = 10).  
 
3.2.2 Genetic assays 
The results of this chapter are based on the analysis of: i) patterns of nucleotide 
variation in a portion of the mtDNA control region; and ii) fragment length 
variation at seven microsatellite loci: Ppe4, Ppe5, Ppe122, Ppe167, Ppe172, 
Ppe180, and Ppe186.  These microsatellite loci where chosen from a partial-
genomic library developed for the Smalltooth Sawfish, Pristis pectinata 
(Feldheim et al. 2010), on the basis that, for P. microdon, each of them: i) could 
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be reliably amplified; ii) was polymorphic; and iii) generally did not appear to 
exhibit scoring artifacts such as null alleles (see Chapter 2, section 2.4.4).  The 
mtDNA control region and microsatellite data were generated as described in 
Chapter 2. 
 
3.2.3 Data analyses 
3.2.3.1 Mitochondrial DNA analyses 
The forward and reverse sequences of a 351 – 353 base pair (bp) portion of the 
mtDNA control region for each individual of P. microdon were aligned as 
described in section 2.3.2 of Chapter 2.  The forward consensus sequences of all 
individuals were aligned using a multiple alignment in GeneToolTM Lite 1.0 
(Wishart et al. 2000). 
 
  3.2.3.1.1 Haplotype relationships 
The relationships among the mtDNA control region haplotypes of P. microdon 
were estimated via a haplotype network, which was constructed using the 
parsimony method of Templeton et al. (1992) and the software TCS version 1.21 
(Clement et al. 2000).  Pooled samples for each geographic region were used for 
the haplotype networks because clear phylogeographic patterns would be 
difficult to discern with 28 sampling sites and the samples from the Gulf of 
Carpentaria appear to share a very recent evolutionary history (see section 
3.3.1.1).  
 
  3.2.3.1.2 Genetic diversity 
The levels of genetic diversity in samples of P. microdon were estimated in terms 
of the number of haplotypes, haplotype diversity (h), and nucleotide diversity 
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(π) in ARLEQUIN version 3.0 (Excoffier et al. 2005).  To facilitate the comparison 
of haplotype numbers between samples of different sizes, the numbers of 
haplotypes were standardized according to the number of individuals in the 
smallest sample (where N ≥ 8) with PopTools version 3.2.3 (Hood 2010).  
Nucleotide diversities were calculated using Tamura and Nei’s (1993) 
substitution model, which was determined to be the best model via comparisons 
with other models using the software MrAIC.pl version 1.4.2 (Nylander 2004) 
and a gamma correction of 0.05.  The gamma correction was empirically 
determined with the software GZ gamma (Gu & Zhang 1997).  
 
  3.2.3.1.3 Population structure 
The spatial distribution of variation in the mtDNA marker in P. microdon was 
assessed in several ways; standardized FST (Weir & Cockerham 1984; Meirmans 
2006), exact tests, and Jost’s (2008) DEST.   
 
   3.2.3.1.3.1 Standardized genetic variance, FST 
Weir and Cockerham’s (1984) FST (theta) was used to assess the extent of control 
region differentiation overall and between selected pairwise samples of P. 
microdon.  The confounding effect of the underlying levels of polymorphism on 
an estimate of FST was addressed by standardizing the value according to 
Meirmans (2006), where the raw estimate was divided by the maximum 
possible value of FST.  The values of raw FST were estimated using FSTAT version 
2.9.3.2 (Goudet 2002) and the data recoded using RecodeData version 0.1 
(Meirmans 2006) to calculate the maximum value of FST.  The statistical 
significance of the values of FST was determined via 10 000 permutations in 
ARLEQUIN version 3.0 (Excoffier et al. 2005).  Exact tests, implemented in 
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ARLEQUIN version 3.0 (Excoffier et al. 2005), with 10 000 steps in the Markov 
chain (Raymond & Rousset 1995) were used to test the statistical significance of 
population differentiation between selected samples.  A Bonferroni correction 
(Rice 1989) for multiple tests was applied to the FST P values and exact tests.   
 
In order to visualize the relationships among samples, the multi-dimensional 
scaling method, as implemented in the software Primer v6 (Clark & Gorley 
2006) was used to map the ‘genetic distance’ between selected samples of P. 
microdon in two-dimensional space.  The ‘genetic distance’ between samples 
was estimated in terms of values of the genetic variance, standardized FST (see 
Meirmans 2006). 
 
   3.2.3.1.3.2 Jost’s DEST 
Jost’s (2008) D is a relatively new, unbiased estimator of divergence that was 
used to assess the extent of population differentiation overall and between 
selected pairwise samples of P. microdon.  It has been argued to be a better 
estimator of differentiation than FST and its relatives (e.g. GST) as highly 
polymorphic loci are expected to produce small values of FST because the value 
of FST cannot exceed the homozygosity of the locus (Hedrick 1999; Jost 2008), 
which can result in an underestimation of the amount of differentiation.  Jost’s 
(2008) DEST was calculated for selected samples of P. microdon in SPADE (Chau & 
Shen 2010) using 1 000 bootstrap replicates.  The statistical significance of 
values of D was tested using 100 000 permutations in GenoDive version 2.0b18 
(Meirmans & Tienderen 2004). 
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3.2.3.2 Microsatellite analyses 
  3.2.3.2.1 Hardy-Weinberg Equilibrium 
Exact tests were used to assess the statistical significance of differences between 
the observed and expected number of homozygotes and heterozygotes at each 
microsatellite locus in samples of P. microdon.  These tests used the Markov 
chain method to estimate the exact probability of a type I error, as implemented 
by GENEPOP version 1.2, with a dememorization number of 10 000, 1 000 
batches, and 10 000 iterations per batch (see Raymond & Rousset 1995).  Exact 
probability tests were used because they are not biased by small sample sizes or 
low frequencies of alleles or genotypes (Raymond & Rousset 1995).  Micro-
Checker v.2.2.3 (Van Oosterhout et al. 2004) was used to check for evidence of 
null alleles and errors in genotyping for all loci. 
 
  3.2.3.2.2 Genetic diversity 
The levels of genetic diversity at each microsatellite locus in samples of P. 
microdon were assessed in terms of allelic richness (A) and the amount of 
expected heterozygosity (HE), HE = 1 - Σ(fi)2, where fi is the frequency of the ith 
allele.  Values of A were standardized according to the number of individuals in 
the smallest sample involved in the comparison, where N  8 for all loci, using 
PopTools version 3.2.3 (Hood 2010). 
 
   3.2.3.2.2.1 Relatedness 
In order to ascertain whether the estimates of the levels of genetic diversity and 
population structure in P. microdon were biased as a result of sampling a large 
proportion of siblings (since predominantly juveniles were sampled), the 
relatedness of individuals in selected samples (where N  8 for all loci) was 
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assessed.  Relatedness (r) (see Blouin 2003) was estimated overall for each 
sample and for pairwise comparisons between all of the individuals within a 
sample, using a maximum likelihood method in ML-RELATE (Kalinowski et al. 
2006).  Values of r range from zero to one; zero indicating individuals are 
‘unrelated’ (i.e., not first cousins or siblings), 0.125 for first cousins; 0.25 for half-
siblings, and 0.5 for full siblings (Blouin 2003).   
 
  3.2.3.2.3 Population structure 
The spatial distribution of variation in the microsatellite markers in P. microdon 
was assessed in several ways; FST (Weir & Cockerham 1984), exact tests, Jost’s 
(2008) DEST, Bayesian multi-locus clustering, and factorial correspondence 
analysis (FCA), as described below.  
 
   3.2.3.2.3.1 Genetic variance, FST 
Weir and Cockerham’s (1984) FST (theta) was used to assess the extent of 
differentiation at seven microsatellite loci overall and between selected pairwise 
samples of P. microdon, using the software GENEPOP version 1.2 (Raymond & 
Rousset 1995).  The statistical significance of the values of FST was determined 
via 10 000 permutations in FSTAT version 2.9.3.2 (Goudet 2002).  Exact tests 
with 10 000 steps in the Markov chain (Raymond & Rousset 1995) were also 
used to test the statistical significance of population differentiation between 
samples using GENEPOP version 1.2 (Raymond & Rousset 1995).  A Bonferroni 
correction (Rice 1989) for multiple tests was applied to the FST P values and 
exact tests.  Values of FST were not standardized because they were generally not 
significantly different to zero (see section 3.3.2.3) and power analyses (see 
below) are performed with raw values of FST.  However, the values of FST were 
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standardized for the sex-biased dispersal tests (see below), as described in 
section 3.2.3.1.3.1. 
 
    3.2.3.2.3.1.1 Power analysis 
Power analyses were conducted to determine the power of the dataset to detect 
population structure, given the observed number and frequencies of the alleles 
at each locus using the software POWSIM version 4.0 (Ryman & Palm 2006).  
The power was determined by generating 1 000 random populations that were 
allowed to drift to different levels of genetic divergence, FST.  The simulated 
populations were sampled and tested against the null hypothesis of genetic 
homogeneity using a chi-square test and the probability of the data was 
interpreted as the power of the data to detect significant genetic divergence.  
The effective population size, Ne, was held constant at 1 000 across the 
simulations and t was changed as necessary to achieve a particular FST (see 
Ryman & Palm 2006).  The simulations were repeated until the lowest value of t 
that could be detected among the sampled populations of each species with a 
power ≥ 95% was identified.  In addition, the power analysis was run a second 
time, with sample sizes doubled and using the actual value of FST, to assess 
whether larger sample sizes would produce statistically significant results.   
 
   3.2.3.2.3.2 Jost’s DEST 
For reasons explained previously (section 3.2.3.1.3.2), the harmonic mean of the 
estimates of Jost’s (2008) DEST for all loci was calculated for samples of P. 
microdon in SMOGD version 1.2.5 (Crawford 2010).  The statistical significance 
of D was tested using 100 000 permutations in GenoDive version 2.0b18 
(Meirmans & Tienderen 2004).  
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   3.2.3.2.3.3 Bayesian clustering 
Bayesian multi-locus clustering was used to estimate the number of populations 
of P. microdon in northern Australian waters, as implemented in Structure v 
2.3.3 (Pritchard et al. 2000).  This method can identify the number of 
populations from a dataset regardless of the geographic origin of the samples 
and can generally detect weak signals of population structure (see Hubisz et al. 
2009).  The Bayesian approach distributes the individuals into a given number of 
populations (K) based on the allele frequencies and estimates the posterior 
probability of the data for each value of K.  Simulations were run with the no 
admixture and admixture models (see Francois & Durand 2010) and correlated 
allele frequencies because these methods are generally more powerful at 
detecting subtle population structure, particularly for assemblages with recent 
evolutionary connections (see Hubisz et al. 2009).  Simulations were run with 
100 000 steps burn-in and 100 000 steps in the Markov chain.  The number of 
populations (K) was set from one to 10 and the posterior probability of K 
populations was averaged over 20 iterations.   
 
   3.2.3.2.3.4 Factorial correspondence analysis  
Factorial correspondence analysis (FCA) was used to visualize the relationships 
between individuals, on the basis of their multilocus genotypes, from different 
geographic regions as implemented in GENETIX v.4.05.2 (Guinand 1996). 
 
3.2.3.3  Tests for sex-biased dispersal 
Since some level of discordance is expected in mtDNA and nDNA markers (see 
section 3.1), further statistical analyses are required to ascertain whether the 
observed discordance is likely to be due to the characteristics of the markers or 
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truly different (an indication of sex-biased dispersal).  Firstly, a Mantel test 
(Smouse et al. 1986), as implemented in ARLEQUIN version 3.0 (Excoffier et al. 
2005) with 10 000 permutations, was used to determine whether the pairwise 
comparisons of DEST between the two marker types were significantly correlated 
(Jost 2008; e.g. Portnoy et al. 2010).  Secondly, the values of standardized FST for 
the mtDNA marker were converted to those which would be expected for nDNA  
markers, if the same amount of structure was present in the two types of 
markers, using the equation by Wright (1951).  This method assumes an infinite 
island model, mutation-drift equilibrium, a sex-ratio of one, and equal dispersal 
of sexes: 
 
The east coast sample was not included in this analysis because nDNA data were 
not generated for this sample (see section 3.3.2). 
 
 
3.3 Results 
3.3.1 Mitochondrial DNA 
The nucleotide sequence of a 351 – 353 bp portion of the left domain of the 
control region of the mtDNA was determined for a total of 149 individuals of P. 
microdon.  The sequences of these individuals contained 22 polymorphic sites, 
which revealed a total of 18 unique haplotypes (GenBank accession numbers 
GQ980006 and GQ980007; Table 3.1).  The number of haplotypes per regional 
sample ranged from one (EC, N = 2) to 12 (GoC, N = 88).  The average base 
composition of the P. microdon sequences was: A-22.82%, T-30.01%, C-30.45%, 
and G-16.73%, which is consistent with that of the mtDNA of other 
elasmobranchs, which typically have a guanine deficiency (e.g. Keeney et al. 
2005).  
FST (nDNA) = FST (mtDNA) 
 4-3 FST (mtDNA) 
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3.3.1.1 Haplotype relationships 
The samples of P. microdon contained two common and widespread haplotypes, 
separated from each other by a single mutational step, and a number of rare 
haplotypes, each of which were usually found in only a single geographic region 
(Figure 3.1).  The overall amount of evolutionary divergence among haplotypes 
was moderate and there was no evidence of a strong phylogeographic pattern to 
the distribution of haplotypes (Figure 3.1).  This is consistent with the view that 
P. microdon has undergone a relatively recent range expansion in Australian 
waters.  Additional sampling may extend the known geographic distribution of 
some haplotypes, reveal missing haplotypes, and resolve ambiguities in the 
network. 
 
 3.3.1.2 Genetic diversity 
The overall amounts of nucleotide and haplotype diversity in P. microdon within 
Australian waters appear to be low and moderate, respectively (Table 3.2).  The 
amounts of nucleotide and haplotype diversity in this species appear to 
generally be similar for each geographic region and also for rivers in the Gulf of 
Carpentaria, with a few exceptions (Table 3.2).  The exceptions were the 
Leichhardt and the Mitchell/Walsh river samples, where the haplotype and 
nucleotide diversities were relatively low and the Gilbert River, where the 
haplotype diversity was relatively low (see Table 3.2).  In addition, the east coast 
sample of P. microdon was devoid of diversity, although this could be due to the 
small size of this sample (N = 2).    
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Table 3.1 Location and distribution of 22 polymorphic sites among 18 haplotypes for a 351 – 353 bp portion of the mtDNA control region in 
individuals of Pristis microdon from Australian waters.  The nucleotide at each position is given for haplotype 1.  Numbers refer to position of 
base pairs from the start of the fragment.  Nucleotides identical to haplotype 1 are indicated with periods (.) and indels by dashes (--).  
Complete nucleotide sequences for haplotypes 1 and 2 are available on GenBank (accession numbers GQ980006 and GQ980007, 
respectively) 
 
 
 
 
Haplotype 7 20 42 78 84 85 88 128 199 226 238 240 258 262 267 268 269 271 299 323 340 341 
1 A C -- G A A A A A T G A T T C T T T C T T T 
2 . . -- . . . . . . . A . . . . . . . . . . . 
3 . . -- . . . . . . . . . . . . . . G . . . . 
4 . . -- C . . . . . . . . . . . . . . . . . . 
5 . . -- C . . . . . G A C . . . C . G . -- G G 
6 . . -- . . . . . . . A . . . . . . G . -- . . 
7 . . -- . . . . . . . A . . . . . . . . . G G 
8 . . -- . . . . . . . . . . . . . . G . -- G G 
9 . . C C . . . . . . A . . . . . . . . -- . . 
10 . . -- C G . C . . . . . . . . . . . . . . . 
11 . . -- C . . . . . . A . . . . . . G . . . . 
12 . . -- . . . . . . . A . . . . . . G . . G G 
13 . . -- . . C . . . . . C . . . . . G . . G G 
14 . . -- . . . . . . . . . . G . . . G G . . . 
15 . . -- . . . . C C . A . C . . . . . . . . . 
16 C G C C . . . . . . A . . . . . . A . G . . 
17 . . -- . . . . . . . . . . . A G A G . . G G 
18 . . -- . . . . . . . . C . . . . . . . -- . . 
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Figure 3.1 Haplotype network depicting the relationships among the 18 control region haplotypes of Pristis microdon.  Each haplotype is 
represented by a numbered circle, the size of which is proportional to the number of individuals with that haplotype.  Each line represents 
a single mutational step, with dashed lines indicating more than one possible path to derived haplotypes.  Empty circles indicate missing 
intermediate haplotypes 
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Table 3.2 Levels of genetic diversity in a portion of the mtDNA control region in N 
individuals of Pristis microdon from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), rivers in the Gulf of Carpentaria (GoC), and the east coast (EC) of 
Australia 
Region Rivers N H HSTD S h π 
Overall  149 18 - 22 0.650 ± 0.032 0.0044 ± 0.003 
WC  51 7 2.87 7 0.489 ± 0.081 0.0026 ± 0.002 
NC  8 2 - 1 0.429 ± 0.169 0.0012 ± 0.001 
GoC Overall 88 12 2.75 22 0.449 ± 0.066 0.0045 ± 0.003 
 WG 10 3 2.18 4 0.511 ± 0.164 0.0030 ± 0.002 
 LC 15 2 1.41 1 0.133 ± 0.112 0.0004 ± 0.0001 
 FNB/SM 17 7 4.12 14 0.802 ± 0.078 0.0137 ± 0.008 
 GB 11 2 1.80 3 0.327 ± 0.153 0.0028 ± 0.002 
 MW 16 2 1.65 1 0.233 ± 0.126 0.0007 ± 0.001 
 KR/AR 10 4 2.70 6 0.533 ± 0.180 0.0039 ± 0.003 
EC  2 1 - 0 0.000 ± 0.000 0.000 ± 0.000 
H = number of haplotypes; HSTD = the standardized number of haplotypes (where N ≥ 8); S = 
number of variable sites; h = haplotype diversity ± standard error; π = nucleotide diversity ± 
standard error; WG = western gulf; LC = Leichhardt River area; FNB/SM = 
Flinders/Norman/Bynoe and Smithburne rivers; GB = Gilbert River; MW = Mitchell/Walsh 
rivers; KR/AR = Kirke and Archer rivers; a dash indicates that the value was not determined 
 
 
 3.3.1.3 Population structure 
Overall, the results provide strong evidence for the presence of large amounts of 
matrilineal structuring in P. microdon in northern Australian waters.  This 
finding was supported by large values of overall FST (0.811; P = 0.000), DEST 
(0.716; P = 0.001), and a highly significant overall exact test (P = 0.000).  In 
addition, pairwise comparisons indicate that the assemblage from the west coast 
is differentiated from those from the north coast and the rivers in the Gulf of 
Carpentaria.  This was evidenced by very large and statistically significant values 
of pairwise FST and DEST and highly significant exact tests (Table 3.4; Figure 3.2, 
also see Table C3 in Appendix C for a regional comparison).   
 
The presence of mtDNA heterogeneity within the Gulf of Carpentaria region 
suggests that matrilineal structuring in P. microdon is present at relatively small 
spatial scales, at least in this region (see Table 3.4 Table C1 in Appendix C).  The 
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genetic composition of the sample from the Flinders/Norman/Bynoe and 
Smithburne rivers was differentiated from that of each of the Leichhardt, Gilbert, 
and Mitchell/Walsh rivers, despite their relatively close proximity (albeit only 
before a Bonferroni correction; Table 3.4).  While this result may appear to be 
driven by the large number of haplotypes unique to the Flinders/Norman/Bynoe 
and Smithburne rivers sample (Table 3.3), genetic heterogeneity was detected in 
the Gulf of Carpentaria even when this sample was removed from the analysis 
(see Table C4 in Appendix C).  The small sample sizes from some of the rivers in 
the Gulf of Carpentaria have limited the statistical power of the pairwise 
analyses and may explain why some comparisons were not statistically 
significant despite relatively large (e.g. ≥ 0.200) values of FST and DEST. 
 
The presence of a significant amount of mtDNA structuring in P. microdon in 
Australian waters appears to reflect differences in the relative abundances of 
widespread haplotypes, as well as the presence of unique haplotypes, between 
samples (Table 3.3).  Two widespread mtDNA haplotypes (1 & 2) were found in 
samples from the west coast, north coast, and from some of the rivers in the Gulf 
of Carpentaria, but generally at different frequencies (Table 3.3).  Furthermore, 
haplotype 3 was found in four rivers in the Gulf of Carpentaria region, but was 
not found in any other geographic region (Table 3.3).  The remaining 15 control 
region haplotypes were more rare and spatially restricted, although additional 
sampling may extend the distribution of at least some of them.  It is worth noting 
that the only haplotype (8) in the sample of P. microdon from the east coast was 
not found in any other region (Table 3.3), raising the possibility that the east 
coast assemblage is relatively distinctive compared to those on the north and 
west coasts. 
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Table 3.3 Distribution and abundance of the 18 mtDNA control region haplotypes in 149 individuals of Pristis microdon from sites on the 
west coast (WC), north coast (west of the Gulf of Carpentaria; NC), Gulf of Carpentaria (GoC), and the east coast (EC) of Australia 
Region WC  
(N = 51) 
NC 
(N = 8) 
GoC 
(N = 88) 
EC 
(N = 2) 
Hap CN KS FR AD DR SA CB WG MC WY RB GoC GA DI LC FNB SM GB NS MW KR AR WL PM NM 
1 - 2 4 3 1 1 1 - 6 - 1 2 1 1 12 6 1 9 5 14 2 5 - - - 
2 1 2 33 - 1 1 - - 1 1 - - - - 1 - - - - - - - 1 1 - 
3 - - - - - - - - - - - - - - - 2 1 - - 2 1 - - - - 
4 - - 4 - - - - - - - - - - - - - - - - - - - - - - 
5 - - - - - - - - - - - - - - - 3 - - - - - - - - - 
6 - - - - - - - - - - - - - - - - - 2 - - - - - - - 
7 - - 2 - - - - - - - - - - - - - - - - - - - - - - 
8 - - - - - - - - - - - - - - - - - - - - - - - - 2 
9 - - - - - - - - - - - - - - - 1 - - - - - - - - - 
10 - - - - - - - - - - - - - - - - - - - - - 1 - - - 
11 - - 1 - - - - - - - - - - - - - - - - - - - - - - 
12 - - 1 - - - - - - - - - - - - - - - - - - - - - - 
 13 - - - - - - - - - - - - - - - - 1 - - - - - - - - 
14 - - - - - - - - - - - - - - - - - - - - - 1 - - - 
15 - - - - - - - 1 - - - - - - - - - - - - - - - - - 
16 - - - - - - - - - - - - - - - 1 - - - - - - - - - 
17 - - - - - - - - - - - - - - - 1 - - - - - - - - - 
18 - - 1 - - - - - - - - - - - - - - - - - - - - - - 
Total 1 4 46 3 2 2 1 1 7 1 1 2 1 1 13 14 3 11 5 16 3 7 1 1 2 
Hap = haplotype number; CN = Cape Naturaliste; KS = King Sound; FR = Fitzroy River; AD = Adelaide River; DR = Daly River; SA = South Alligator River; CB = Chambers Bay; WG = 
western gulf; MC = McArthur River; WY = Wearyan River; RB = Robinson River; GA = Gin Arm Creek; DI = Disaster Inlet; LC = Leichhardt River; FNB = Flinders/Norman/Bynoe 
rivers; SM = Smithburne River; GB = Gilbert River; NS = Nassau River; MW = Mitchell/Walsh River; KR = Kirke River; AR = Archer River; WL = Wenlock River; PM = Port 
Musgrave; NM = Normanby River  
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Table 3.4 Standardized values of pairwise FST (below diagonal), Jost’s DEST (above diagonal), and exact test P-values (below diagonal, P) for 
mtDNA control region sequences of Pristis microdon. The P-values for FST and DEST are indicated in parentheses 
 
 
 
 WC NC WG LC FNB/SM GB MW KR/AR 
WC  0.524 
(0.002)* 
0.561 
(0.000)* 
0.774 
(0.000)* 
0.865 
(0.000)* 
0.840 
(0.000)* 
0.840 
(0.000)* 
0.835 
(0.000)* 
NC 0.686 
(0.001)* 
P = 0.012 
 -0.040 
(1.000) 
0.028 
(0.524) 
0.232 
(0.103) 
0.046 
(0.395) 
0.044 
(0.369) 
0.031 
(0.469) 
WG 0.713 
(0.000)* 
P = 0.000* 
0.000 
(1.000) 
P = 1.000 
 0.035 
(0.267) 
0.191 
(0.099) 
0.041 
(0.378) 
0.044 
(0.164) 
0.012 
(0.777) 
LC 0.897 
(0.000)* 
P = 0.000* 
0.062 
(0.521) 
P = 0.269 
0.083 
(0.269) 
P = 0.243 
 0.288 
(0.002)* 
0.023 
(0.345) 
0.010 
(0.485) 
0.039 
(0.266) 
FNB/SM 0.915 
(0.000)* 
P = 0.000* 
0.239 
(0.083) 
P = 0.190 
0.202 
(0.086) 
P = 0.112 
0.440 
0.004 
P = 0.004 
 0.245 
(0.023) 
0.219 
(0.012) 
0.113 
(0.222) 
GB 0.921 
(0.000)* 
P = 0.000* 
0.043 
(0.387) 
P = 0.153 
0.036 
(0.386) 
P = 0.159 
0.049 
(0.342) 
P = 0.156 
0.313 
(0.019) 
P = 0.041 
 0.021 
(0.396) 
0.023 
(0.438) 
MW 0.926 
(0.000)* 
P = 0.000* 
0.088 
(0.364) 
P = 0.202 
0.089 
(0.164) 
P = 0.098 
0.000 
(0.493) 
P = 0.479 
0.331 
(0.013) 
P = 0.043 
0.026 
(0.403) 
P = 0.147 
 0.007 
(0.488) 
KR/AR 0.908 
(0.000)* 
P = 0.000* 
0.000 
(0.475) 
P = 0.501 
0.000 
(0.783) 
P = 0.482 
0.093 
(0.265) 
P = 0.179 
0.091 
(0.230) 
P = 0.479 
0.000 
(0.445) 
P = 0.343 
-0.011 
(0.495) 
P = 0.4116 
 
 
Statistically significant values after a Bonferroni correction (P < 0.002) indicated by *; WC = west coast (N = 51); NC = north coast (N = 8);  WG = western gulf (N = 
10);  LC = Leichhardt River area (N = 15);  FNB/SM = Flinders/Norman/Bynoe and Smithburne rivers (N = 17);  GB = Gilbert River (N = 11);  MW = 
Mitchell/Walsh rivers (N = 16);  KR/AR = Kirke and Archer rivers (N = 10) 
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Figure 3.2 Two-dimensional ordinations of standardized values of pairwise FST, based 
on variation in a portion of the mtDNA control region, between pairs of samples of 
Pristis microdon from the west coast (WC), north coast (west of the Gulf of Carpentaria; 
NC) and rivers (where N  8) in the Gulf of Carpentaria in Australia.  The west coast 
sample is excluded in b) to better illustrate the relationships among the samples from 
the north coast and rivers in the Gulf of Carpentaria. The stress value provides an 
indication of how accurately the variation in the underlying dataset is portrayed in the 
MDS (see Clarke & Gorley 2006).  WG = western gulf; LC = Leichhardt River area; 
FNB/SM = Flinders/Norman/Bynoe and Smithburne rivers; GB = Gilbert River; MW = 
Mitchell/Walsh rivers; KR/AR = Kirke and Archer rivers 
 
3.3.2 Microsatellites 
The genotypes of individuals of P. microdon were typically determined for seven 
microsatellite loci.  The sample sizes varied from locus to locus and site to site, 
but were a minimum of 26 individuals from the west coast, two from the north 
coast, 60 from the Gulf of Carpentaria, for a total of 114 individuals (Table 3.5).  
Microsatellite data for the individuals from the east coast were not included in 
a) 
 
b) 
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the analyses because alleles from these individuals could only be PCR-amplified 
at three of the loci used in this study.   
 
3.3.2.1  Hardy-Weinberg Equilibrium  
The numbers of homozygotes and heterozygotes at each locus in samples of P. 
microdon were generally in accordance with those expected under Hardy-
Weinberg Equilibrium (HWE) after a Bonferroni correction for multiple tests.  
The only exception to this was the locus Ppe167 for the Gulf of Carpentaria 
sample (Table 3.5).  This departure from HWE was not due to an excess of the 
number of observed homozygotes (see Table 3.5), but rather, to deviations in 
some of the frequencies of observed versus expected genotypes.  Since the 
deviation from HWE for the Gulf of Carpentaria sample was significant after a 
Bonferroni correction, all data analyses in this chapter were conducted with and 
without Ppe167 (data not shown).  The inclusion of locus Ppe167 did not alter 
the main findings, so this locus was included in the results presented in this 
thesis.  Micro-Checker did not identify any evidence of errors in genotyping or 
the presence of null alleles, including for locus Ppe167. 
 
3.3.2.2  Polymorphism and genetic diversity 
The levels of polymorphism at the seven microsatellite loci in P. microdon were 
generally moderate to high.  The total number of alleles per locus ranged from 
seven to 33 (average = 20.7, S.E. = 3.198) and only a single locus (Ppe122) had 
less than 14 alleles.  The expected heterozygosity at each locus was generally 
moderate to high, ranging from 0.735 to 0.951 (average = 0.870, S.E. = 0.029) 
(see Table 3.5).   
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The levels of genetic diversity at the seven microsatellite loci in samples of P. 
microdon from each of the west coast, north coast, and Gulf of Carpentaria were 
generally high (Table 3.5).  There was no apparent pattern in the spatial 
distribution of genetic diversity at microsatellite loci in P. microdon.  For 
example, the allelic richness was marginally higher in the sample from the west 
coast compared to that for the Gulf of Carpentaria, but it is not clear if this 
reflects a real difference or a random sampling effect. 
 
 
Table 3.5 Number of individuals (N), number of alleles (A), standardized to the smallest 
sample size (where N  8 for all loci; ASTD), expected heterozygosity (HE), observed 
heterozygosity (HO), and outcome of tests for Hardy-Weinberg Equilibrium (P) for seven 
microsatellite loci in samples of Pristis microdon from the west coast (WC), the north 
coast (west of the Gulf of Carpentaria; NC), and the Gulf of Carpentaria (GoC) regions in 
Australia 
Region  Ppe4 Ppe5 Ppe122 Ppe167 Ppe172 Ppe180 Ppe186 
WC N 35 33 36 26 29 28 31 
 A 12 23 7 20 18 13 17 
 HE 0.890 0.952 0.677 0.935 0.940 0.752 0.943 
 HO 0.914 0.879 0.556 0.961 0.897 0.679 0.903 
 P 0.217 0.152 0.156 0.032 0.058 0.216 0.560 
         
NC N 8 7 7 5 6 2 5 
 A 8 10 5 6 7 3 6 
 HE 0.758 0.945 0.824 0.889 0.879 0.833 0.889 
 HO 0.750 1.000 0.857 0.800 0.833 1.000 1.000 
 P 0.700 0.421 0.412 0.619 0.760 1.000 1.000 
         
GoC N 66 61 67 60 66 60 63 
 A 13 31 7 23 21 17 19 
 ASTD 11.19 22.676 5.789 17.816 16.674 12.199 15.123 
 HE 0.861 0.957 0.703 0.945 0.926 0.848 0.918 
 HO 0.833 0.984 0.762 0.950 0.908 0.833 0.905 
 P 0.649 0.436 0.260 0.001* 0.107 0.062 0.102 
         
Overall A 14 33 7 27 21 20 23 
  HE 0.836 0.951 0.735 0.923 0.915 0.811 0.917 
Statistically significant values after a Bonferroni correction (P < 0.002) are indicated by *; the 
samples from the Gulf of Carpentaria are pooled because they were genetically homogenous  
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  3.3.2.2.1 Relatedness 
The results of the analysis of relatedness suggest that in the majority of cases, 
individuals of P. microdon in the samples from the west coast and the Gulf of 
Carpentaria were not half or full siblings.  This was evidenced by average r 
values of less than 0.25 for each sample (~0.25 indicates half-siblings) and ~85 
– 90% of all pairwise comparisons in each sample involved individuals that were 
not half or full siblings (Table 3.6).  The samples from each of the Leichhardt, 
Gilbert, and Kirke/Archer rivers in the Gulf of Carpentaria appear to have a 
slightly higher percentage of individuals that are half and full siblings (Table 3.6) 
that could possibly account for the low mtDNA diversity in at least the 
Leichhardt River (see Table 3.2).  The removal of the three aforementioned 
samples from the population structure analyses did not, however, change the 
outcome of the presence of significant matrilineal structuring in Australian 
waters and within the Gulf of Carpentaria (see Table C5 & C6 in Appendix C), 
suggesting that the sampling of a small proportion of siblings has not 
substantially biased the results.  Overall, these values are similar to those for P. 
clavata and P. zijsron (see Chapter 4 sections 4.3.1.2.2.1 & 4.3.2.2.2.1).  
Nevertheless, these results should be interpreted with caution since they are 
based on data from only a small number of loci and there are a number of 
recognized problems with estimates of relatedness (e.g. some relationships may 
not be accurate, see Fernández & Toro 2006; Rodríguez-Ramilo et al. 2007; Van 
Horn et al. 2008).  
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Table 3.6 Relatedness among individuals of Pristis microdon from the west coast (WC), 
the Gulf of Carpentaria (GoC), and individual rivers (where N ≥ 8 all loci) in the Gulf of 
Carpentaria region in Australia 
Region River r U FS/HS 
WC All 0.052 82.73 8.26 
GoC All 0.062 70.97 10.66 
 LC (GoC) 0.070 75.00 16.70 
 FNB/SM (GoC) 0.065 71.79 11.54 
 GB (GoC) 0.068 72.22 13.89 
 MW (GoC) 0.061 74.73 9.89 
 KR/AR (GoC) 0.086 77.78 13.33 
r = average relatedness for all pairwise comparisons; U = percentage of comparisons involving 
individuals that are not first cousins or siblings (~unrelated); FS/HS = percentage of individuals 
that are likely to be full or half-siblings; LC = Leichhardt River area; FNB = 
Flinders/Norman/Bynoe and Smithburne rivers; GB = Gilbert River; MW = Mitchell/Walsh 
rivers; KR/AR = Kirke and Archer rivers 
 
 
 
 
3.3.2.3 Population structure 
The results of the nDNA analyses revealed no evidence of spatial heterogeneity 
in the distribution of microsatellite variation in P. microdon in northern 
Australian waters.  This was evidenced by low values of overall FST (0.005; P = 
0.185) and DEST (0.003; P = 0.108) that were not significantly different from zero 
and the result of an overall exact test that was also not significant (P = 0.185) 
(Figure 3.3).  The pairwise values of FST, DEST, and exact tests for comparisons 
between the west coast, north coast, and rivers from the Gulf of Carpentaria 
further support this finding, providing no evidence of significant structure 
between regions and/or rivers.  There were one or two (depending on test) 
comparisons that were statistically significant before a Bonferroni correction, 
however, these may be due to sampling error as the sample sizes were small 
and, overall, there was no evidence of nDNA heterogeneity in the Gulf of 
Carpentaria (see Table C7 in Appendix C).  
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The FCA revealed no clustering of individuals of P. microdon from different 
geographic regions (Figure 3.3).  Three individuals from the west coast were set 
slightly apart from the majority of other individuals, which appears to be due to 
the presence of private alleles; however, the amount of difference setting them 
apart was very small (< 2.64%, see Figure 3.3).  The Bayesian multi-locus 
clustering method found there was most likely a ‘single population’ with nDNA, 
because K = 1 had the highest probability with a negligible standard error using 
the no admixture and admixture models (Figure 3.4).  The power of the dataset 
to detect population structure was reasonable, as power analyses suggest 
genetic structure could be detected with a high probability (≥ 95%) for a FST of 
0.010 and, furthermore, doubling the sample sizes did not change the results.  
The result of no spatial heterogeneity in the nDNA of P. microdon is in stark 
contrast to the results of the mtDNA analyses (see section 3.3.1.3).  When viewed 
in combination, these results raise the possibility that dispersal in P. microdon is 
male-biased (see below).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Factorial Correspondence Analysis (FCA), ), as implemented in GENETIX 
v.4.05.2 (Guinand 1996), illustrating the lack of a strong relationship between the multi-
locus genotypes and geographic origin of samples of Pristis microdon from the west 
coast (yellow), the north coast (west of the Gulf of Carpentaria; blue), and the Gulf of 
Carpentaria (white) in Australia.  The total variation explained by each axis is given as a 
percentage
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Table 3.7 Pairwise FST (below diagonal), Jost’s DEST (above diagonal), and the exact test P-values (below diagonal; P) for allele frequency data 
at seven microsatellite loci in Pristis microdon. The P-values for FST and DEST are indicated in parentheses.  No values were statistically 
significant after a Bonferroni correction (P < 0.002) 
 
 WC NC WG LC FNB GB MW KR/AR 
WC  0.003 
(0.088) 
-0.010 
(0.785) 
0.004 
(0.222) 
0.006 
(0.090) 
0.007 
(0.284) 
0.000 
(0.353) 
0.081 
(0.033) 
NC 0.009 
(0.345) 
P = 0.439 
 -0.032 
(0.548) 
-0.059 
(0.068) 
0.005 
(0.211) 
-0.007 
(0.735) 
0.016 
(0.108) 
0.000 
(0.353) 
WG -0.015 
(0.677) 
P = 0.755 
-0.001 
(0.679) 
P = 0.759 
 0.052 
(0.226) 
0.000 
(0.530) 
0.037 
(0.148) 
0.001 
(0.584) 
0.032 
(0.180) 
LC 0.002 
(0.244) 
P = 0.489 
-0.025 
(0.382) 
P = 0.272  
0.012 
(0.654) 
P = 0.664 
 0.005 
(0.178) 
0.000 
(0.190) 
-0.001 
(0.616) 
0.000 
(0.336) 
FNB/SM 0.008 
(0.239) 
P = 0.147 
0.007 
(0.238) 
P = 0.115 
-0.005 
(0.661) 
P = 0.660 
0.009 
(0.296) 
P = 0.333 
 0.029 
(0.090) 
0.000 
(0.219) 
-0.002 
(0.631) 
GB 0.003 
(0.569) 
P = 0.611 
-0.010 
(0.529) 
P = 0.868 
0.019 
(0.220) 
P = 0.218 
0.011 
(0.282) 
P = 0.346 
0.014 
(0.042) 
P = 0.022 
 0.012 
(0.160) 
0.000 
(0.372) 
MW 0.001 
(0.425) 
P = 0.455 
0.013 
(0.079) 
P = 0.210 
-0.010 
(0.720) 
P = 0.722 
-0.005 
(0.756) 
P = 0.935 
0.006 
(0.255) 
P = 0.239 
-0.010 
(0.273) 
P = 0.381 
 0.040 
(0.099) 
KR/AR 0.013 
(0.033) 
P = 0.051 
0.003 
(0.417) 
P = 0.282 
0.016 
(0.309) 
P = 0.309 
0.003 
(0.614) 
P = 0.614 
-0.004 
(0.517) 
P = 0.722 
0.003 
(0.176) 
P = 0.315 
0.012 
(0.121) 
P = 0.242 
 
WC = west coast; NC = north coast; WG = western gulf; LC = Leichhardt River area; FNB/SM = Flinders/Norman/Bynoe and Smithburne rivers; GB = Gilbert 
River; MW = Mitchell/Walsh rivers; KR/AR = Kirke and Archer rivers 
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Figure 3.4 Estimates of the number of populations (K) of Pristis microdon across 
northern Australia based on Bayesian clustering of multi-locus genotypes of 114 
individuals with a) the no admixture and b) admixture models.  lnP(X/K) is the natural 
log of the probability of K populations given the data (X), averaged over 20 iterations for 
each value of K.  Error bars indicate the standard deviations from the average 
 
 
3.3.3 Tests for sex-biased dispersal 
The results of the tests for sex-biased dispersal suggest there is less structure in 
the nDNA than in the mtDNA in P. microdon in Australian waters (see Table 3.8).  
The result of the Mantel test indicates that the differences in the values of 
pairwise comparisons of DEST with mtDNA and nDNA markers (Table 3.4 & 3.7) 
are truly incongruent, and not significantly correlated (P = 0.442).  Furthermore, 
the actual values of overall and pairwise (standardized) FST were much lower 
than those expected for nDNA markers with similar amounts of structure as the 
mtDNA marker (Table 3.8).  Although simplistic, this method gives expected 
values of standardized FST for nDNA that are an order of magnitude higher than 
the actual values, with the exception of a single comparison, which could be due 
to sampling error (see section 3.3.2.3).   
      a) 
   b) 
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Table 3.8 Results of tests for sex-biased dispersal.  Actual values of FST (raw and standardized) and DEST for a portion of the mtDNA control 
region and seven microsatellite loci (nDNA) for samples of Pristis microdon from Australian waters and the value of FST expected for nDNA 
markers if similar amounts of structure were present in the nDNA as in the mtDNA, according to the equation by Wright (1951) 
 
Statistically significant values before (P < 0.05) and after (P < 0.002) a Bonferroni correction indicated by * and **, respectively; † indicates a similar 
amount of nDNA and mtDNA structure; WC = west coast; NC = north coast; WG = western gulf; LC = Leichhardt River area; FNB/SM = 
Flinders/Norman/Bynoe and Smithburne rivers; GB = Gilbert River; MW = Mitchell/Walsh rivers; KR/AR = Kirke and Archer rivers 
 
 Actual Raw  
mtDNA FST 
Actual 
Standardized 
mtDNA FST 
Actual Raw  
nDNA FST 
Actual 
Standardized 
nDNA FST  
Expected standardized 
nDNA FST 
DEST 
mtDNA 
DEST 
nDNA 
Overall 0.462** 0.793** 0.005 0.039 0.489 0.432** 0.003 
WC v NC 0.362** 0.686** 0.009 0.064 0.353 0.524** 0.003 
WC v WG 0.360** 0.713** -0.015 0.000 0.383 0.561** -0.010 
WC v LC 0.560** 0.897** 0.002 0.015 0.685 0.774** 0.004 
WC v FNB/SM 0.357** 0.915** 0.008 0.062 0.729 0.865** 0.006 
WC v GB 0.515** 0.921** 0.003 0.022 0.745 0.840** 0.007 
WC v MW 0.552** 0.926** 0.001 0.008 0.758 0.840** 0.000 
WC v KR/AR 0.452** 0.908** 0.013 0.099 0.711 0.835** 0.081* 
FNB/SM v LC 0.229* 0.440* 0.009 0.061 0.164 0.288* 0.005 
FNB/SM v GB 0.128* 0.313* 0.014* 0.094* 0.102† 0.245* 0.029 
FNB/SM v MW 0.158* 0.331* 0.006 0.053 0.110 0.219* 0.000 
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3.4 Discussion 
The results of this chapter are derived from nucleotide sequence variation in a 
351 – 353 bp portion of the mtDNA control region and allele size variation at 
seven microsatellite loci.  Overall, the results suggest that P. microdon: i) has 
high levels of mtDNA heterogeneity in northern Australian waters, indicating 
restrictions to female-mediated gene flow; ii) has no nDNA heterogeneity in 
northern Australian waters; and iii) has low to moderate and generally high 
levels of genetic diversity in the mtDNA and nDNA markers, respectively.  These 
results have substantial conservation implications for P. microdon in Australian 
waters, which are discussed in Chapter 6. 
 
3.4.1 Limitations of sampling 
The results of this chapter are based on samples of P. microdon from across its 
entire Australian range, but are mainly driven by samples from the Gulf of 
Carpentaria region in the northeast and a single river and its associated drainage 
(i.e., Fitzroy River) on the west coast (see Chapter 2 section 2.1).  The limited 
number of sampling locations and small sample sizes for some sites (e.g. north 
coast and some rivers in the Gulf of Carpentaria) has hindered the interpretation 
of some aspects of the dataset, such as the elucidation of the location and nature 
of population boundaries.  However, it is important to recognize that P. microdon 
is critically endangered and inhabits remote locations in Australia, making it 
difficult to obtain samples (see Thorburn et al. 2003; Peverell 2005).  
Furthermore, the sample sizes used in this study compare favorably with those 
of other conservation genetic studies of elasmobranchs (e.g. Stow et al. 2006; 
Dudgeon et al. 2009; Ovenden et al. 2009).  Although this study focused only on 
the Australian portion of the range of P. microdon, it is unlikely that populations 
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persist in parts of its historic range, such as Indonesia and Asia (see Last & 
Stevens 2009; White & Kyne 2010).  
 
Some crucial information in regards to the genetic variation and population 
structure of P. microdon in Australian waters may not be included in this study 
since individuals from the east coast were excluded from the nDNA analyses and 
were only poorly represented in those for mtDNA (see Lukoschek et al. 2007).  
The fact that alleles could be PCR-amplified at only four of the seven loci in 
individuals of P. microdon from the east coast (compared to all seven in 
conspecifics from elsewhere in Australia) is unusual.  The most likely reason that 
alleles could not be amplified at three of the loci in the east coast individuals is 
the presence of a critical difference(s) in the base pair composition of the primer 
annealing regions of these loci in these individuals (see Gusmao et al. 1996).  
This explanation implies that the east coast P. microdon are genetically 
differentiated from those found elsewhere in Australia, which seems likely based 
on the, albeit very limited, mtDNA data (see section 3.3.1.3).  The emergence of 
the Torres Strait land bridge at low sea levels during the Pleistocene is believed 
to have led to subdivision in other marine species (e.g. Lukoschek et al. 2007; 
Corrigan & Beheregaray 2009) and may have played a role in isolating the east 
coast assemblages of P. microdon from those in other parts of northern Australia.  
 
Recent genetic studies have discovered the presence of cryptic species in a range 
of elasmobranch species (e.g. Quattro et al. 2006; Corrigan et al. 2008; Ovenden 
et al. 2010).  In view of this, and the above-noted unusual amplification 
characteristics of individuals of P. microdon from the east coast, it is worth 
considering whether these east coast individuals represent a cryptic species.  
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However, although the individuals of P. microdon from the east coast also had a 
unique haplotype, this haplotype was represented by an internal node in the 
haplotype network for P. microdon, i.e., it was not an outlier.  Furthermore, the 
amount of sequence divergence between this haplotype and the other P. 
microdon haplotypes was only 0.8 – 7.1%.  In comparison, the minimum amount 
of mtDNA sequence divergence between P. microdon, P. clavata, and P. zijsron is 
12%.  It therefore seems likely that, while the P. microdon on the east coast are 
genetically differentiated from those found elsewhere in Australian waters, they 
do not represent a distinct species (see Benzie et al. 1992; Norman et al. 1994; 
Chenoweth et al. 1998; Lukoschek et al. 2007).  Assessing the exact nature of the 
relationship between the P. microdon on the east coast and those from 
elsewhere will require the use of additional markers (see Ovenden et al. 2010) 
and probably also the use of natural history specimens to acquire larger sample 
sizes (see Phillips et al. 2009) as this species is now rare on the east coast of 
Australia (see Chapter 1 section 1.3.4.1.2). 
 
3.4.2 Population genetic structure inferred from mtDNA 
The results of the mtDNA analyses indicate that P. microdon has high levels of 
matrilineal structuring in northern Australian waters, which is most likely due to 
philopatric behavior of females since heterogeneity was present at small spatial 
scales (i.e., in the Gulf of Carpentaria).  The merits of other possible explanations, 
such as physical barriers to dispersal and selection, are also considered below. 
 
The matrilineal structuring in P. microdon in Australian waters is probably not 
due to the presence of a contemporary physical barrier(s) to dispersal.  This is 
because individuals of P. microdon grow to a very large size (up to 7 m), are 
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potentially quite mobile (Simpfendorfer 2002; Peverell 2005), and mtDNA 
heterogeneity was detected at relatively small spatial scales within the Gulf of 
Carpentaria region.  Furthermore, while population structuring has been found 
in some other elasmobranchs in northern Australian waters (e.g. Duncan et al. 
2006; Ahonen et al. 2009; Dudgeon et al. 2009; Portnoy et al. 2010; see 
Appendix B), not all elasmobranchs exhibit structure in these waters, even when 
their dispersal capability is believed to be low (see Schultz et al. 2008; Ovenden 
et al. 2009).  Similarly, the presence of matrilineal structuring in P. microdon is 
unlikely be the result of a historic barrier(s) to dispersal that is no longer 
present, because the presence of recent evolutionary connections (e.g. no 
evidence of a strong phylogeographic pattern to the distribution of mtDNA 
haplotypes) is more consistent with the view that this species has undergone 
recent range expansions in Australian waters (see Chapter 5).  Furthermore, 
while the emergence of the Torres Strait land bridge (in the area that is now the 
Gulf of Carpentaria) during the Pleistocene (see Voris 2000) has resulted in 
stock structure between the east coast and the rest of northern Australia in some 
marine species (see Benzie 1998; Chenoweth et al. 1998; Lukoschek et al. 2007; 
2008; Corrigan & Beheregaray 2009), the presence of this historic physical 
barrier does not account for the observed patterns of matrilineal structuring in 
P. microdon (i.e., matrilineal structuring between the west coast and the north 
coast, the west coast and the rivers within the Gulf of Carpentaria, and between 
some of the rivers in the Gulf of Carpentaria).  Furthermore, there was no 
evidence of genetic structuring in the nDNA between these aforementioned 
locations and physical barriers, whether historic or contemporary, would limit 
dispersal and gene flow in both females and males.   
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Since the mtDNA data pertain to a single locus, even though it is non-genic (Non 
et al. 2007), the possibility that the presence of mtDNA structure reflects the 
patterns of selection on the control region or a linked locus cannot be excluded 
(see Ballard & Whitlock 2004).  The results of Fu’s (1997) Fs and Tajima’s (1989) 
D tests (see Chapter 5 section 5.3.1.3) indicate that the patterns of variation 
differed from expectations for a neutral marker in a population at drift-mutation 
equilibrium.  Taking into account that similar results have been obtained for 
other Pristis sawfishes in Australian waters (Chapter 4 sections 4.3.1.1.3 & 
4.3.2.1.3 and Chapter 5 section 5.3.1.3) and the evolutionary history of P. 
microdon suggests this species has undergone a recent (in an evolutionary 
sense) range expansion in Australian waters (see Chapter 5), the results of Fs 
and D are more likely reflecting departures from drift-mutation equilibrium 
expectations (i.e., population growth and range expansion) rather than from 
marker neutrality (e.g. Fu 1997; Ayoub & Riechert 2004; Curtis et al. 2009).   
 
Given that the presence of matrilineal structuring in P. microdon is unlikely to be 
caused by contemporary or historic physical barriers to dispersal or selection, it 
appears as though the behavior of adult females is restricting female gene flow.  
Although the present study is unable to produce direct evidence, such as tagging 
data (e.g. Feldheim et al. 2002; Hueter et al. 2005; Dudgeon et al. 2009), 
philopatric behavior of female P. microdon to pupping and breeding sites could 
explain the presence of matrilineal structuring in this species.  The extreme 
spatial separation of adult and juvenile habitat and dependence on freshwater 
rivers for juveniles suggests that female P. microdon could have very localized 
philopatry and, potentially, natal philopatry (i.e., homing to natal rivers; Stabel 
1984).  Natal philopatry would explain the presence of mtDNA heterogeneity 
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within the Gulf of Carpentaria as well as the occurrence of only a single 
assemblage on the west coast (i.e., the Fitzroy River) because females would 
primarily be returning to their natal rivers to pup; as opposed to straying and 
risking the survival potential of the offspring (i.e., high quality freshwater 
habitats are sparse and patchy in distribution across northern Australia; see 
section 3.1).  Natal philopatry has also been suggested for a number of other 
elasmobranchs (see Feldheim et al. 2002; Bonfil et al. 2005; Hueter et al. 2005; 
Karl et al. 2011) and has been found in some salmonids (e.g. Stable 1984) and 
marine turtles (Allard et al. 1994; Bowen et al. 2005).    
 
3.4.3 Population genetic structure inferred from nDNA  
The results of the nDNA analyses revealed no evidence of spatial heterogeneity 
in the distribution of variation in the nDNA markers in P. microdon from 
northern Australian waters.  Selection is considered unlikely to be an influence 
in this result because selection is expected to act on an individual locus (Avise 
2000; Hare 2001) and the results were based on data from multiple loci (seven 
microsatellite loci).  The lack of significant heterogeneity in the nDNA could 
potentially be the result of low statistical power of the microsatellite data, 
although the dataset has the capacity to detect a FST value of 0.010.  In this 
regard, it is relevant that this value of FST is less than the amount of structure 
that has been detected in some other elasmobranchs at similar spatial scales 
(e.g. Feldheim et al. 2001; Chevolot et al. 2006a; Ovenden et al. 2009), suggesting 
the statistical power of the dataset is not particularly low.  Therefore, the lack of 
genetic structure with nDNA suggests that contemporary (or very recent) gene 
flow in P. microdon between the west coast, north coast, and the Gulf of 
Carpentaria has been sufficient to prevent genetic structuring.  
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3.4.4 Population structure inferred from mtDNA and nDNA 
The combination of the results of the mtDNA and nDNA analyses suggests that P. 
microdon has female philopatry coupled with male-biased dispersal in northern 
Australian waters.  However, demographic history combined with the 
characteristics of the markers could also explain this result. 
 
The pattern of large amounts of mtDNA heterogeneity coupled with no apparent 
heterogeneity in the nDNA in P. microdon in Australian waters could potentially 
be explained by a recent range expansion in Australian waters combined with 
the characteristics of the markers.  The presence of recent evolutionary 
connections (evidenced by the mtDNA haplotype networks) for P. microdon are 
consistent with the view that P. microdon has undergone a range expansion 
within Australian waters.  The effective population size of a mtDNA marker is 
smaller than that for a nDNA marker, making mtDNA markers more sensitive to 
the effects of genetic drift (see Birkey et al. 1989; Ballard & Whitlock 2004).  It is, 
therefore, possible that not enough time has passed for divergence to become 
apparent in the nDNA.  This hypothesis is explored in Chapter 5 and the results 
suggest there is contemporary (or very recent) male gene flow in P. microdon 
between the west coast and the Gulf of Carpentaria with no genetic divergence of 
these assemblages (see Chapter 5 section 5.4.2). 
 
The discrepancy in the presence of heterogeneity in the mtDNA, but not in the 
nDNA markers for P. microdon is most likely indicative of male-biased dispersal.  
This finding is a first for sawfishes, although male-biased dispersal has been 
found in other sharks, such as the White Shark, Carcharodon carcharias (Pardini 
et al. 2001), Short-fin Mako Shark, Isurus oxyrinchus (Schrey & Heist 2003), 
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Blacktip Shark, Carcharhinus limbatus (Keeney et al. 2005), Bull Shark, 
Carcharhinus leucas (Karl et al. 2011), Zebra Shark, Stegostoma fasciatum 
(Dudgeon et al. 2009), and, in parts of the Indo-West Pacific, the Sandbar Shark, 
Carcharhinus plumbeus, (Portnoy et al. 2010).  Sex-biased dispersal also seems to 
be relatively common in the marine environment; it is found in marine turtles 
(e.g. Casale et al. 2002; Bowen et al. 2005), mammals (e.g. Engelhaupt et al. 
2009), and teleosts (e.g. Cano et al. 2008).  Given the habitat requirements of P. 
microdon and the prevalence of sex-biased dispersal in elasmobranchs and 
marine organisms in general, this explanation seems plausible.   
 
The presence of male-biased dispersal in P. microdon in northern Australian 
waters could imply that males are migrating between regions to reproduce or, 
alternatively, that there is a single breeding ground for the (sampled) Australian 
assemblages.  The movements of both males and females could potentially be 
similar, except that females home to pupping sites, creating matrilineal 
structuring across northern Australia, and hence, a ‘bias’ of dispersal (e.g. 
Encalda et al. 1996).  Therefore, it is important to recognize that even if the 
effective dispersal in female sawfishes is philopatric, individuals could be 
moving large distances from their natal region outside of critical breeding 
and/or pupping periods (e.g. Encalda et al. 1996; Bonfil et al. 2005; Bowen et al. 
2005; Bruce et al. 2006), particularly as there appears to be no barriers to the 
dispersal of male P. microdon across northern Australia.  Virtually nothing is 
known about breeding locations or movements of adult P. microdon in 
Australian waters, although they have been recorded up to 100 km offshore 
(Pillans et al. 2008), indicating they are utilizing deep offshore waters. 
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3.4.5 Genetic diversity 
The levels of genetic diversity in the mtDNA control region and at seven 
microsatellite loci in P. microdon were moderate to low and generally high, 
respectively, and, for each marker type, were within the range reported for other 
elasmobranchs (see Hoelzel et al. 2006; Castro et al. 2007; Ovenden et al. 2009; 
Daly-Engel et al. 2010; Portnoy et al. 2010).  The levels of nucleotide diversity in 
the control region of P. microdon were low, but this pattern seems to be common 
in elasmobranchs (e.g. Keeney et al. 2005; Duncan et al. 2006; Hoelzel et al. 
2006; Stow et al. 2006; Castro et al. 2007; Chabot & Allen 2009; Ovenden et al. 
2009; Daly-Engel et al. 2010) and is likely linked to their relatively slow rate of 
mtDNA evolution (Martin et al. 1992; Martin 1995).  
 
While the levels of mtDNA haplotype diversity in assemblages of P. microdon 
from the west coast and the Gulf of Carpentaria region were within the range 
reported for elasmobranchs, they did tend to the moderate to low part of the 
range (see Hoelzel et al. 2006; Daly-Engel et al. 2010).  There are no available 
estimates of the levels of genetic diversity in ‘pristine’ populations of Pristis 
sawfishes from which to draw comparisons, but the levels of mtDNA diversity in 
P. microdon are generally comparable with those for P. clavata and P. zijsron (see 
Chapter 4 section 4.3.1.1.2 & section 4.3.2.1.2).  Although the evidence is not 
unequivocal, the moderate levels of mtDNA in P. microdon might suggest that 
assemblages in Australian waters have experienced bottlenecks or were recently 
(in an evolutionary context) founded.  This hypothesis, that P. microdon has 
undergone a bottleneck or founder effect in Australian waters, which could 
account for the moderate levels of mtDNA haplotype diversity, is explored in 
Chapter 5. 
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The levels of genetic diversity appear to be higher for the microsatellite loci than 
for the mtDNA control region, a pattern that has been observed in some other 
elasmobranchs (e.g. Schultz et al. 2008; Karl et al. 2011).  This difference is likely 
linked with the effective population sizes of the molecular markers, as nDNA 
markers are expected to have effective population sizes four times larger than 
that of mtDNA markers (see Ballard & Whitlock 2004), making them less 
susceptible to genetic erosion (Grant & Leslie 1993; Canino et al. 2010).  Karl et 
al. (2011) suggested that this pattern of diversity in C. leucas is the result of 
these characteristics of the markers combined with male-biased dispersal; 
philopatric females create evolutionarily independent mtDNA sub-populations, 
whereas the nDNA applies to larger, panmictic populations; which may also 
apply to P. microdon.  Selection is probably not influencing the levels of genetic 
diversity exhibited in P. microdon because similar levels of heterozygosity were 
found across multiple microsatellite loci and comparable levels of genetic 
diversity for mtDNA were found in P. clavata and P. zijsron in Australian waters 
(Chapter 4 sections 4.3.1.1.2 & 4.3.2.1.2). 
 
3.4.6 Future research directions 
The current research has provided genetic evidence for the presence of female 
philopatry coupled with male-biased dispersal and moderate to low and 
generally high levels of genetic diversity in mtDNA and nDNA markers 
(respectively) in P. microdon in northern Australian waters.  There are, however, 
a number of gaps regarding the population genetics of P. microdon that remain 
to be filled.  These include the nature and locations of the boundaries between 
the maternal populations of P. microdon and, specifically, whether individual 
rivers (or groups of nearby rivers) contain distinct matrilineal assemblages.  
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Future studies could strive to identify the location and nature of these 
boundaries by increasing sample sizes at individual rivers and increasing the 
number of sampling sites, particularly sites in pivotal locations, such as those 
along the north coast and in the western gulf.  Other methods, such as genetic 
fingerprinting and/or long term tagging data, could be used to test for natal 
philopatry in females.  There is increasing recognition of the need to combine 
multiple types of data (e.g. tagging, genetic, microchemistry) to disentangle the 
patterns of movement and gene flow in mobile marine species (see Begg & 
Waldman 1999; Block et al. 2005).  Therefore, other streams of evidence, such as 
tagging data, should be obtained to further investigate male dispersal in P. 
microdon.  It may be beneficial in future studies of the population genetics of P. 
microdon to generate a species-specific microsatellite library (since the 
microsatellite loci used in this study were chosen from a partial-genomic library 
developed for P. pectinata) to increase the number of loci and reduce any 
potential bias associated with the use of loci developed for another species (i.e., 
conserved loci).  
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Chapter 4: Population genetic structure and genetic diversity 
of the Dwarf Sawfish, Pristis clavata, and the Green Sawfish, 
Pristis zijsron, in Australian waters 
 
 
4.1 Introduction 
As discussed in Chapter 1, the overall aim of this research was to generate 
information about the population genetics of the Pristis sawfishes in Australian 
waters to aid in the development of effective management plans for these 
species.  This chapter focuses on the elucidation of the levels of genetic diversity 
and population structure of each of the Dwarf Sawfish, Pristis clavata, and the 
Green Sawfish, Pristis zijsron.   
 
The life history of each of P. clavata and P. zijsron differs from that of the 
Freshwater Sawfish, Pristis microdon, in that individuals of the former two 
species are marine/estuarine for their entire lives and juveniles utilize inshore 
waters and mangrove areas (see Chapter 1 section 1.3.4; Thorburn et al. 2008; 
Peverell 2005; 2008).  It is predicted, a priori, that there will (at least) be 
matrilineal structuring in each of P. clavata and P. zijsron since matrilineal 
structuring is common in elasmobranchs with adult and juvenile habitat 
partitioning (which is likely to be the case for each of these species; see Chapter 
1 sections 1.3.4.2.3 & 1.3.4.3.3; Chapter 3 section 3.1; Feldheim et al. 2002; 
Hueter et al. 2005) and some other elasmobranchs, including P. microdon, 
exhibit matrilineal structuring in northern Australian waters (e.g. Duncan et al. 
2006; Dudgeon et al. 2009; Portnoy et al. 2010).   
 
Since P. microdon was found to have male-biased dispersal in northern 
Australian waters (see Chapter 3 section 3.4.4) and the implications of such 
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dispersal are important for conservation (see Chapter 6; Bowen et al. 2005; 
Sheridan et al. 2010), it is important to also test for the presence of male-biased 
dispersal in each of P. clavata and P. zijsron.  The occurrence of male-biased 
dispersal has not been examined in such closely related elasmobranchs and the 
results may provide insight into factors that play an important role in the 
evolution of male-biased dispersal in elasmobranchs (e.g. taxonomic 
relationships and habitat use). 
 
The levels of genetic diversity in the mtDNA control region and microsatellite 
loci in P. microdon were moderate to low and generally high, respectively (see 
Chapter 3 section 3.3.1.2), and were within the range reported for other 
elasmobranchs (see Hoelzel et al. 2006; Castro et al. 2007; Ovenden et al. 2009; 
Daly-Engel et al. 2010; Portnoy et al. 2010).  However, the levels of mtDNA 
haplotype diversity did tend to the moderate to low part of the range of those for 
other elasmobranchs (see Hoelzel et al. 2006; Daly-Engel et al. 2010) and, while 
the evidence was not unequivocal, this might suggest that P. microdon has 
undergone a population bottleneck or founder effect in Australian waters (see 
Chapter 3 section 3.4.5).  The levels of genetic diversity in each of P. clavata and 
P. zijsron are expected to be similar to those for P. microdon in Australian waters 
(i.e., moderate to low and generally high in mtDNA and nDNA markers, 
respectively).  The aims of this chapter were to use mitochondrial DNA (mtDNA) 
and microsatellite (nDNA) data to assess: i) the levels of genetic diversity in the 
assemblages of each of P. clavata and P. zijsron in northern Australian waters; 
and ii) the population structure of each of these species in northern Australian 
waters, including tests for sex-biased dispersal.  
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4.2 Methods 
4.2.1 Sampling 
The analyses of the genetic diversity and population structure of each of P. 
clavata and P. zijsron are based on the samples of these species described in 
section 2.1 of Chapter 2.  Samples of P. zijsron were obtained from sites on the 
west coast (WC, N = 26), the north coast (west of the Gulf of Carpentaria; NC, N = 
1), the Gulf of Carpentaria (GoC, N = 16), and the east coast (EC, N = 6).  In the 
case of P. clavata, samples were collected from sites on the west coast (WC, N = 
41), the north coast (west of the Gulf of Carpentaria; NC, N = 11), and the Gulf of 
Carpentaria (GoC, N = 26), but not the east coast because there are no confirmed 
records of this species occurring there (see Chapter 1 section 1.3.4.2.2; Thorburn 
et al. 2008).  On the basis that the sample sizes from individual sites were 
usually small (e.g. N < 8 for P. clavata and N < 5 for P. zijsron; see Chapter 2 
section 2.1) and the results of an analysis of molecular variance (AMOVA, see 
below) suggested that samples from single geographic regions were genetically 
homogenous (see sections 4.3.1.1.3, 4.3.1.2.3, 4.3.2.1.3 & 4.3.2.2.3), samples from 
a single geographic region were pooled for analysis.  Although the sampling 
design and pooling of samples was not ideal, the samples encompass most of the 
contemporary geographic ranges of P. clavata and P. zijsron with moderate to 
large sample sizes from at least two geographic regions for each species.  
 
4.2.2 Genetic assays 
The results of this chapter are based on the analysis of: i) patterns of nucleotide 
variation in a 351 (P. clavata) and 352 (P. zijsron) base pair (bp) portion of the 
mtDNA control region; and ii) allele length variation at eight microsatellite loci 
for each species; Ppe4, Ppe5, Ppe69, Ppe122, Ppe152, Ppe165, Ppe179, and Ppe186 
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for P. clavata and Ppe4, Ppe88, Ppe152, Ppe165, Ppe172, Ppe179, Ppe180, and 
Ppe186 for P. zijsron.  These microsatellite loci where chosen from a partial-
genomic library developed for the Smalltooth Sawfish, Pristis pectinata 
(Feldheim et al. 2010), on the basis that in each of P. clavata and P. zijsron, each 
locus: i) could be reliably amplified from the target species; ii) was polymorphic; 
and iii) did not exhibit evidence of scoring artifacts such as null alleles (see 
Chapter 2 section 2.4.4).  The mtDNA control region and microsatellite data were 
generated as described in Chapter 2. 
 
4.2.3 Data analyses 
4.2.3.1 Mitochondrial DNA analyses 
The forward and reverse sequences of a portion of the mtDNA control region for 
each individual of P. clavata and P. zijsron were aligned as described in section 
2.3.2 in Chapter 2. The forward consensus sequences of all individuals were 
aligned using a multiple alignment in GeneToolTM Lite 1.0 (Wishart et al. 2000). 
 
  4.2.3.1.1 Haplotype relationships 
The relationships among the mtDNA control region haplotypes for each of P. 
clavata and P. zijsron were estimated via a haplotype network, as described in 
Chapter 3 section 3.2.3.1.1. 
 
  4.2.3.1.2 Genetic diversity 
The levels of genetic diversity in samples of each of P. clavata and P. zijsron were 
estimated in terms of the number of haplotypes, haplotype diversity (h), 
standardized number of haplotypes, and nucleotide diversity (π), as described in 
Chapter 3 section 3.2.3.1.2.  Nucleotide diversities were calculated using Tamura 
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and Nei’s (1993) substitution model, which was determined to be the best model 
for each species via comparisons with other models using the methods 
described in Chapter 3 section 3.2.3.1.2 and a gamma correction of 0.13 for P. 
clavata and 0.02 for P. zijsron.  The gamma correction was determined for each 
species following the methods described in Chapter 3 section 3.2.3.1.2.  
 
  4.2.3.1.3 Population structure 
The spatial distribution of variation in the mtDNA marker in each of P. clavata 
and P. zijsron in Australian waters was assessed in several ways: a hierarchical 
AMOVA, standardized FST (Weir & Cockerham 1984), exact tests, and Jost’s 
(2008) DEST.  
   
   4.2.3.1.3.1 Overall genetic differentiation 
A hierarchical AMOVA, as implemented in ARLEQUIN version 3.0 (Excoffier et al. 
1992), was used to initially assess how control region sequence variation was 
partitioned within and between samples of each of P. clavata and P. zijsron.  This 
analysis was performed to determine whether there was statistically significant 
genetic variation at different spatial scales: between individuals at ‘single’ sites, 
between sites within a single geographic region, and between geographic 
regions.  The samples from the west coast were as described in Chapter 2 section 
2.1 and were not grouped for this analysis because numerous sites had sample 
sizes of five or more.  The number of individuals sampled per site in the Gulf of 
Carpentaria, however, was very small (i.e., usually 1 - 2 samples; see Chapter 2 
section 2.1), so the samples were grouped for this analysis by region within the 
gulf as follows.  For P. clavata, the groups were the northern gulf (Mangrove 
Island, Weipa, and Port Musgrave; N = 9), the southern gulf (John Creek, 
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Flinders, Albert, Leichhardt, Staaten, and South Mitchell rivers; N = 9), and those 
from the gulf waters (N = 6).  For P. zijsron, the groups were the western gulf 
(Groote Eylandt; N = 2), the southern gulf (Albert River and Karumba area; N = 
3), and the northern gulf (Skardon and Wenlock rivers, Mapoon, Port Musgrave, 
and Weipa; N = 8), and from the gulf waters (N = 3).  The statistical significance 
of the variance estimates was assessed using a nonparametric permutation 
approach, in which sequences were randomly permutated among samples (see 
Excoffier et al. 2005).   
 
   4.2.3.1.3.2 Standardized genetic variance, FST 
Weir and Cockerham’s (1984) FST (theta) was used to assess the extent of 
mtDNA control region differentiation overall and between pairwise samples 
(where N ≥ 8) for each of P. clavata and P. zijsron.  Values of standardized FST and 
the associated P-values and exact tests were estimated as described in Chapter 3 
section 3.2.3.1.3.1. 
 
   4.2.3.1.3.3 Jost’s DEST 
Jost’s (2008) DEST was used to assess the extent of population differentiation 
between selected samples (where N ≥ 8) of P. clavata and P. zijsron, as described 
in Chapter 3 section 3.2.3.1.3.2. 
 
4.2.3.2  Microsatellite analyses 
  4.2.3.2.1 Hardy-Weinberg Equilibrium 
Exact tests were used to assess the statistical significance of differences between 
the observed versus expected number of homozygotes and heterozygotes at each 
microsatellite locus in samples of each of P. clavata and P. zijsron.  These tests 
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were performed as described in section 3.2.3.2.1 of Chapter 3.  Micro-Checker 
v.2.2.3 (Van Oosterhout et al. 2004) was used to check for evidence of null alleles 
and errors in genotyping for all loci for each of P. clavata and P. zijsron. 
 
  4.2.3.2.2 Genetic diversity 
The genetic diversity at each microsatellite locus in selected samples of P. 
clavata and P. zijsron was assessed in terms of allelic richness (A), the 
standardized number of alleles (where N ≥ 8 at all loci), and the expected 
heterozygosity (HE), as described in Chapter 3 section 3.2.3.2.2.   
 
   4.2.3.2.2.1 Relatedness 
In order to determine whether the estimates of the levels of genetic diversity 
and population structure in each of P. clavata and P. zijsron could have been 
biased as a result of predominantly sampling siblings (since primarily juveniles 
were sampled), the relatedness of individuals in selected samples (where N ≥ 8 
for all loci) was assessed as described in Chapter 3 section 3.2.3.2.2.1.  
 
  4.2.3.2.3 Population structure 
The spatial distribution of variation in the microsatellite markers in each of P. 
clavata and P. zijsron in Australian waters was assessed in several ways: with a 
hierarchical AMOVA, standardized FST (Weir & Cockerham 1984), exact tests, 
Jost’s (2008) DEST, Bayesian multi-locus clustering, and factorial correspondence 
analysis (FCA) as described below.   
 
   4.2.3.2.3.1 Overall genetic differentiation 
A hierarchical AMOVA was used to assess how genetic variation at microsatellite 
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loci was partitioned at different spatial scales in each of P. clavata and P. zijsron 
as described in section 4.2.3.1.3.1.  
 
   4.2.3.2.3.2 Standardized genetic variance, FST 
Weir and Cockerham’s (1984) FST (theta) was used to assess the extent of 
differentiation at eight microsatellite loci overall and between selected pairwise 
samples of each of P. clavata and P. zijsron (where N ≥ 6; the sample size 
minimum was lowered to include the east coast sample for P. zijsron since there 
were data for more than one locus).  The standardization procedure for values of 
FST, the statistical significance of the values of FST, and the exact tests were 
conducted as described in Chapter 3 sections 3.2.3.1.3.1 and 3.2.3.2.3.1.  
 
   4.2.3.2.3.3 Jost’s DEST 
The harmonic mean of estimates of Jost’s (2008) DEST from all loci was 
determined for samples of each of P. clavata and P. zijsron, as described in 
Chapter 3 section 3.2.3.2.3.2. 
 
   4.2.3.2.3.4 Bayesian clustering 
Bayesian multi-locus clustering was used to estimate the number of populations 
of each of P. clavata and P. zijsron across northern Australia as described in 
Chapter 3 section 3.2.3.2.3.3.  However, as the estimated number of populations 
based on the posterior probability of the data is not always accurate, a second 
method, using the second order rate of change of the probability of the data 
between successive K values (K), was used when more than one population 
was likely to be present (see Evanno et al. 2005).  
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   4.2.3.2.3.5 Factorial correspondence analysis 
Factorial correspondence analysis (FCA) was used to visualize the relationships 
between individuals, on the basis of their multi-locus genotypes, from different 
geographic regions for each of P. clavata and P. zijsron, as implemented in 
GENETIX v.4.05.2 (Guinand 1996). 
 
4.2.3.3  Tests for sex-biased dispersal 
To test for sex-biased dispersal in each of P. clavata and P. zijsron, values of FST 
for the mtDNA marker were converted to that which would be expected for 
nDNA markers, if the same amount of structure was present in the two types of 
markers, as described in Chapter 3 section 3.2.3.3.  Values of DEST were not used 
to assess sex-biased dispersal in P. clavata and P. zijsron, as was the case for P. 
microdon (see Chapter 3 section 3.2.3.3), because there were not enough 
pairwise comparisons to assess whether the two marker types were significantly 
correlated (i.e., less than three significant pairwise comparisons for the mtDNA 
marker for each of P. clavata and P. zijsron). 
 
4.3 Results 
4.3.1 Pristis clavata 
4.3.1.1 Mitochondrial DNA 
The nucleotide sequence of a 351 bp portion of the left domain of the control 
region of the mtDNA was determined for a total of 73 individuals of P. clavata. 
The sequences of these individuals contained 25 polymorphic sites, which 
revealed a total of 15 unique haplotypes (GenBank accession numbers 
HM627391 and HM627392 for haplotypes 1 and 13, respectively, Table 4.1).  
The number of haplotypes per regional sample ranged from two (NC, N = 8 and 
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Table 4.1 Location and distribution of 25 polymorphic sites among 15 haplotypes for a 351 bp portion of the mtDNA control region in 
individuals of Pristis clavata from Australian waters.  The nucleotide at each polymorphic site is given for haplotype 1.  Numbers refer to 
position of base pairs from the start of the fragment.  Nucleotides identical to haplotype 1 are indicated with periods (.).  Complete 
nucleotide sequences for haplotypes 1 and 13 are available on GenBank (accession numbers HM627391 and HM627392, respectively) 
 
Haplotype  
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7
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9
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1
1
0 
1
1
2 
1
2
0 
1
2
4 
1
2
7 
1
2
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1
2
9 
1
3
6 
1
6
5 
2
0
2 
2
2
9 
2
3
4 
2
3
8 
2
4
0 
2
4
9 
2
6
9 
2
7
3 
2
8
8 
2
9
5 
3
2
3 
3
2
5 
3
2
7 
1 T C A C T T T T A C A A G C A A A T T C G G T C A 
2 . . . . . . . . . . . . . . C . . . . . C . . . . 
3 . G . . . . . G G G . . . . . . . . . . . . . . . 
4 . . . . . . . . . . . . C . C C . . . . C . G . . 
5 . . . . . . . . . . . . . . . . . G . . . . . . . 
6 . . . A . . . . . . . . . . . . . . . . . . . . . 
7 . . . . . . . . . . . . . . C . . . . . C C . . . 
8 . . . . . . . . . . . . C . C . . . . . C . G . . 
9 . . C . C . . . . . C C C . . C C . . G . . G . . 
10 G G . . . . . G G G . . . . C . . . . . . . . . . 
11 . . . . . . . . . . . . . . . . . . . . . . G . . 
12 . . . . . . . . . . . . . G . . . . . . . . . . . 
13 . . . . . . . . . . . . . . . . . . C . . . . . . 
14 . . . . . . . . . . . . . . . . . . . . . . . . G 
15 . . . . . G G . . . . . . . . . . . . . . . . G . 
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GoC, N = 24) to 13 (WC, N = 40) 2005).  The average base composition of the P. 
clavata sequences was: A-25.28%, T-30.43%, C-28.83%, and G-15.46%, which is 
consistent with that of the mtDNA of other elasmobranchs (e.g. Keeney et al. 
2005) and P. microdon (see Chapter 3 section 3.3.1), with a guanine deficiency. 
The samples from Spring Creek were not included in the mtDNA analyses 
because quality nucleotide sequence data could not be generated for these 
samples.  The extracted DNA for each of these samples was severely degraded 
and the DNA sequence was of too poor of quality to be relied upon. 
 
  4.3.1.1.1 Haplotype relationships 
The samples of P. clavata contained a single common and widespread haplotype 
and a number of rare haplotypes, each of which was found in only a single 
geographic region (Figure 4.1).  There was no evidence of a strong 
phylogeographic pattern to the distribution of the sampled haplotypes, although 
a small group of derived haplotypes was restricted to the sample from the west 
coast (haplotypes 2, 4, 7, 8, and 9) (Figure 4.1).  The lack of a strong geographic 
pattern in the distribution of haplotypes is consistent with the view that P. 
clavata has undergone a relatively recent (in an evolutionary sense) range 
expansion in Australian waters.     
 
  4.3.1.1.2 Genetic diversity 
The overall amounts of nucleotide and haplotype diversity in the mtDNA control 
region in P. clavata within Australian waters appear to be low and moderate, 
respectively (Table 4.2).  The amounts of nucleotide and haplotype diversity 
were generally similar in samples from the west and north coasts, but both were 
reduced in the Gulf of Carpentaria sample (Table 4.2).  The sample of P. clavata 
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from the Gulf of Carpentaria was, in fact, almost devoid of control region 
diversity; all but one individual had the same haplotype and the two haplotypes 
in this region differed by only a single mutational step (Figure 4.1).   
 
 
 
 
 
 
 
 
Figure 4.1 Haplotype network depicting the relationships among the 15 control region 
haplotypes of Pristis clavata in Australian waters.  Each haplotype is represented by a 
numbered circle, the size of which is proportional to the number of individuals with that 
haplotype.  Each line represents a single mutational step.  Empty circles indicate missing 
intermediate haplotypes 
 
 
Table 4.2 Levels of genetic diversity in a portion of the mtDNA control region in N 
individuals of Pristis clavata from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
Region N H HSTD S h π 
Overall 73 15 - 25 0.489 ± 0.072 0.0040 ± 0.0028 
WC 40 13 3.80 23 0.581 ± 0.094 0.0062 ± 0.0039 
NC 9 2 - 1 0.500 ± 0.128 0.0014 ± 0.0015 
GoC 24 2 1.33 1 0.083 ± 0.075 0.0002 ± 0.0005 
H = number of haplotypes; HSTD = the standardized number of haplotypes (where N ≥ 8); S = 
number of variable sites; h = haplotype diversity ± standard error; π = nucleotide diversity ± 
standard error; a dash (-) indicates that the value was not determined 
 
  4.3.1.1.3 Population structure 
Overall, the results provide strong evidence for the presence of matrilineal 
structuring in P. clavata in northern Australian waters.  This was evidenced by 
the presence of a significant amount of the mtDNA control region variation 
among groups in the AMOVA (Table 4.3), large and statistically significant values 
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of overall FST and DEST, and a highly significant overall exact test (Table 4.4).  
Furthermore, the values of pairwise FST, DEST, and the results of the exact test 
suggest that the mtDNA composition of the sample from the north coast is 
significantly different to that from each of the west coast and the Gulf of 
Carpentaria (Table 4.4).  While the result of the exact test does not provide 
evidence of genetic differentiation between the west coast and Gulf of 
Carpentaria samples, the value of FST was relatively large and statistically 
significant (Table 4.4).  There was no evidence of significant mtDNA 
heterogeneity within geographic regions, although 7.22% of the variation was 
attributed to differences among sites within geographic regions (Table 4.3).  
 
The presence of mtDNA structuring in P. clavata at broad spatial scales within 
Australian waters appears to reflect differences in the relative abundances of a 
widespread haplotype between regions, as well as the presence of unique 
haplotypes, in the samples from different geographic regions (Table 4.5).  A 
single control region haplotype (1) was common in the samples for each of the 
three geographic regions, but generally occurred at different frequencies (Table 
4.5).  For example, this haplotype was the most prevalent in the samples from 
the west coast and Gulf of Carpentaria, but was less common in the sample from 
the north coast (Table 4.5).  The remaining 14 control region haplotypes were 
restricted to a single geographic region and were generally rare, except for 
haplotype 14, which dominated the north coast sample (Table 4.5).   
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Table 4.3 Analysis of molecular variance (AMOVA) based on the frequency 
distributions of mtDNA control region sequences in samples of Pristis clavata from 
Australian waters.  Variance components and estimates of statistical significance (P-
values) are indicated.  Percentage of variation is indicated in parentheses 
Groups Among 
groups 
Among 
populations 
within groups 
Within 
populations 
WC (CK, 80M, GE, KS, FR, CL, YS, JB) 
NC (FB, DW, SA) 
GoC (SG, NG, GoC) 
0.063 
 P = 0.000* 
(23.84) 
0.020 
P = 0.134 
(7.66) 
0.182 
P = 0.010* 
(68.50) 
Statistically significant values are indicated by *; WC = west coast; CK = Cape Keraudren; 80M = 
80 Mile Beach; GE = Goodenough Bay; KS = King Sound; FR = Fitzroy River; CL = Collier Bay; YS = 
York Sound; JB = Joseph Bonaparte Bay; NC = north coast (west of the Gulf of Carpentaria); FB = 
Fog Bay; DW = Darwin area; SA = South Alligator River; GoC = Gulf of Carpentaria; SG = southern 
GoC; NG = northern GoC 
 
 
 
Table 4.4 Standardized values of pairwise and overall FST, pairwise and average Jost’s 
DEST, and the exact test P-values for mtDNA control region sequences of Pristis clavata. 
The P-values for FST and DEST are indicated in parentheses 
 FST DEST P 
WC vs NC 0.666 
(0.000)* 
0.540 
(0.002)* 
0.002* 
NC vs GoC 0.858 
(0.000)* 
0.557 
(0.000)* 
0.000* 
WC vs GoC 0.149 
(0.006)* 
0.071 
(0.008)* 
0.868 
Overall/Average 0.419 
(0.000)* 
0.389 
(0.000)* 
0.000* 
Statistically significant values after a Bonferroni correction (P < 0.017) are indicated by *; WC = 
west coast; NC = north coast (west of the Gulf of Carpentaria); GoC = Gulf of Carpentaria 
 
 
 
4.3.1.2 Microsatellite DNA 
The genotypes of individuals of P. clavata were typically determined for eight 
microsatellite loci.  The sample sizes varied between loci and geographic 
regions, but were a minimum of 24 individuals from the west coast, two from the 
north coast, and 18 from the Gulf of Carpentaria, for a total of 72 individuals 
(Table 4.6).  The alleles at two loci (Ppe152 and Ppe165) could only be amplified 
in two samples of P. clavata from the north coast.  The precise reason for this is 
unknown, but could be related to the fact that the majority of the samples from 
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Table 4.5 Distribution and abundance of the 15 mtDNA control region haplotypes in 73 individuals of Pristis clavata from sites on the west 
coast (WC), north coast (west of the Gulf of Carpentaria; NC), and Gulf of Carpentaria (GoC) in Australia 
Region WC 
(N = 40) 
NC 
(N = 9) 
GoC 
(N = 24) 
Hap CK 80M GE KS FR CL YS JB FB DW SA JC AB LC FL ST STM WP MI PM GoC 
1 2 4 3 5 6 5 1 - 1 2 - 1 2 1 1 2 2 4 2 2 6 
2 - - - 2 - - - - - - - - - - - - - - - - - 
3 - - - 2 - - - - - - - - - - - - - - - - - 
4 - - - 1 - - - - - - - - - - - - - - - - - 
5 - - - 1 - - - - - - - - - - - - - - - - - 
6 - 1 - - - - - - - - - - - - - - - - - - - 
7 - - - 1 - - - - - - - - - - - - - - - - - 
8 - - - 1 - - - - - - - - - - - - - - - - - 
9 - - - - - - 1 - - - - - - - - - - - - - - 
10 - - - 1 - - - - - - - - - - - - - - - - - 
11 - - - - - - - 1 - - - - - - - - - - - - - 
12 - 1 - - - - - - - - - - - - - - - - - - - 
13 - - - - - - - - - - - - - - - - - 1 - - - 
14 - - - - - - - - - 4 2 - - - - - - - - - - 
15 - - - - 1 - - - - - - - - - - - - - - - - 
Total 2 6 3 14 7 5 2 1 1 6 2 1 2 1 1 2 2 5 2 2 6 
Hap = haplotype number; CK = Cape Keraudren; 80M = 80 Mile Beach; GE = Goodenough Bay; KS = King Sound; FR = Fitzroy River; CL = Collier Bay; YS = 
York Sound; JB = Joseph Bonaparte Gulf; FB = Fog Bay; DW = Darwin area; SA = South Alligator River; JC = John Creek; AB = Albert River; LC = Leichhardt 
River; FL = Flinders River; ST = Staaten River; STM = South Mitchell River; WP = Weipa area; MI = Mangrove Island; PM = Port Musgrave
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the north coast were rostra samples or very old preserved samples, which 
yielded low quality DNA extracts that made PCR amplification difficult. 
 
  4.3.1.2.1 Hardy-Weinberg Equilibrium 
The numbers of homozygotes and heterozygotes at each locus in samples of P. 
clavata were generally in accordance with those expected under Hardy-
Weinberg Equilibrium (HWE).  Of the 24 tests, two departures from HWE were 
detected for loci Ppe5 and Ppe165 in the Gulf of Carpentaria sample, although 
they were not statistically significant after a Bonferroni correction (Table 4.6).  
The analysis of each locus in Micro-Checker v.2.2.3 (Van Oosterhout et al. 2004) 
did not identify any evidence of genotyping errors or the presence of null alleles, 
including for loci Ppe5 and Ppe165. 
 
  4.3.1.2.2 Polymorphism and genetic diversity 
The levels of polymorphism at the eight microsatellite loci in P. clavata were 
typically moderate to high.  The number of alleles per locus ranged from nine to 
23 (average = 15.5, S.E. = 1.427) and only a single locus (Ppe122) had less than 
12 alleles (Table 4.6).  The expected heterozygosity at each locus was generally 
moderate to high, ranging from 0.601 to 0.940 (average = 0.858, S.E. = 0.039, 
Table 4.6).   
 
The levels of diversity at each of the eight microsatellite loci in samples of P. 
clavata from each of the west coast, north coast, and the Gulf of Carpentaria 
were generally high (see Table 4.6).  In contrast to the results from the mtDNA 
(see section 4.3.1.1.2), there was no consistent pattern when comparing 
microsatellite diversity in the west coast and the Gulf of Carpentaria samples, 
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although the average HE across all loci was slightly higher for the former sample 
(0.881, S.E. = 0.020) compared to the latter (0.848, S.E. = 0.042).  
 
Table 4.6 Number of individuals scored (N), number of alleles detected (A), 
standardized to the smallest sample size (where N  8 for all loci; ASTD), expected 
heterozygosity (HE), observed heterozygosity (HO), and the outcomes of tests for Hardy-
Weinberg Equilibrium (P) for eight microsatellite loci in samples of Pristis clavata from 
the west coast (WC), the north coast (west of the Gulf of Carpentaria; NC), and the Gulf 
of Carpentaria (GoC) in Australia.  No values were statistically significant after a 
Bonferroni correction (P < 0.002)  
 
 
   4.3.1.2.2.1 Relatedness 
The results of the analysis of relatedness suggest that in the majority of cases, 
individuals of P. clavata from each of the west coast and the Gulf of Carpentaria 
were not half or full siblings, despite sampling primarily juveniles from nursery 
areas.  This was evidenced by average r values of less than 0.25 (~0.25 indicates 
half-siblings) and ~89% of all pairwise comparisons for each sample involved 
individuals that were not half or full siblings (Table 4.7).  There was a slightly 
higher percentage of pairwise comparisons involving half or full siblings in the 
Region  Ppe4 Ppe5 Ppe69 Ppe122 Ppe152 Ppe165 Ppe179 Ppe186 
WC N 34 33 34 32 29 24 31 31 
 A 14 19 10 9 16 16 13 11 
 ASTD 12.083 14.099 7.633 8.138 12.546 12.799 10.771 9.807 
 HE 0.915 0.928 0.795 0.795 0.928 0.934 0.879 0.880 
 HO 1.000 0.939 0.853 0.813 0.897 1.000 0.871 0.871 
 P 0.983 0.900 0.667 0.527 0.114 0.529 0.509 0.969 
          
NC N 9 9 10 10 2 2 6 4 
 A 10 10 5 7 3 4 6 6 
 HE 0.922 0.922 0.442 0.884 0.833 1.000 0.818 0.929 
 HO 0.667 1.000 0.400 1.000 1.000 1.000 0.667 0.750 
 P 0.057 1.000 0.481 0.420 1.000 1.000 0.192 0.312 
          
GoC N 22 22 23 25 18 18 20 21 
 A 11 16 5 8 12 10 10 13 
 HE 0.910 0.938 0.566 0.834 0.910 0.887 0.868 0.868 
 HO 1.000 0.955 0.696 0.720 0.889 0.667 0.900 0.762 
 P 0.414 0.016* 0.699 0.103 0.148 0.004 0.108 0.061 
          
Overall A 16 23 12 9 17 16 15 16 
 HE 0.916 0.929 0.601 0.838 0.890 0.940 0.855 0.892 
Chapter 4 Population genetics of Pristis clavata and Pristis zijsron 
 111 
Gulf of Carpentaria sample when compared to that from the west coast (Table 
4.7).  However, these results should be interpreted with caution since they are 
based on data from only a small number of loci and there are a number of 
acknowledged problems with estimates of relatedness (e.g. some relationships 
may not be accurate, see Fernández & Toro 2006; Rodríguez-Ramilo et al. 2007; 
Van Horn et al. 2008).  Overall, the estimates suggest that the levels of 
relatedness of individuals in the samples of P. clavata were similar to those for P. 
microdon (Chapter 3 section 3.3.2.2.1) and P. zijsron (see below). 
 
 
Table 4.7 Relatedness among individuals of Pristis clavata from the west coast (WC) 
and the Gulf of Carpentaria (GoC) in Australia  
Region r U FS/HS 
WC 0.054 78.38 8.86 
GoC 0.087 79.00 11.00 
r = average relatedness for all pairwise comparisons; U = percentage of pairwise comparisons 
involving individuals that are not first cousins or siblings (~unrelated); FS/HS = percentage of 
individuals that are likely to be full or half-siblings 
 
 
 
  4.3.1.2.3 Population structure 
Overall, the results provide strong evidence for the presence of heterogeneity in 
the distribution of microsatellite variation in P. clavata in northern Australian 
waters, as was also the case for the mtDNA variation.  This was evidenced by the 
presence of a significant amount of the microsatellite variation among groups in 
the AMOVA (Table 4.8), statistically significant overall values of FST and DEST, and 
a highly significant overall exact test (Table 4.9).  
 
The patterns of microsatellite variation in the samples of P. clavata from 
northern Australia suggest that assemblages of this species on the west coast, 
the north coast, and the Gulf of Carpentaria are genetically differentiated from 
one another, although precise population boundaries are unknown.  The 
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samples from the west coast and the Gulf of Carpentaria are genetically 
differentiated, as evidenced by large and significant pairwise values of FST and 
DEST and a statistically significant exact test (Table 4.9).  The genetic composition 
of the sample from the north coast was not differentiated from that from each of 
the west coast and Gulf of Carpentaria after a Bonferroni correction (Table 4.8).  
The FCA revealed some degree of clustering in individuals of P. clavata from the 
three different geographic regions, but there was some overlap of individuals 
(Figure 4.2).  The Bayesian multi-locus clustering method found there was most 
likely three distinct assemblages of P. clavata across northern Australia, as K = 3 
had the highest probability, as did K, using both the no admixture and 
admixture models (Figure 4.3).  There was no evidence of genetic heterogeneity 
at smaller spatial scales, such as within geographic regions (Table 4.8). 
 
 
Table 4.8 Analysis of molecular variance (AMOVA) based on the allele frequency 
distributions of eight microsatellite loci in samples of Pristis clavata from Australian 
waters. Variance components and estimates of statistical significance (P-values) are 
indicated. Percentage of variation is indicated in parentheses 
Groups Among 
groups 
Among 
populations 
within groups 
Within 
populations 
WC (CK, 80M, KS, FR, CL, YS, JB) 
NC (FB, DW, SA) 
GoC (SG, NG, GoC) 
0.056 
 P = 0.007* 
(2.15) 
0.007 
P = 0.357 
(0.27) 
2.54 
P = 0.002* 
(97.57) 
Statistically significant values are indicated by *; WC = west coast; CK = Cape Keraudren; 80M = 
80 Mile Beach; KS = King Sound; FR = Fitzroy River; CL = Collier Bay; YS = York Sound; JB = 
Joseph Bonaparte Gulf; NC = north coast (west of the Gulf of Carpentaria); FB = Fog Bay; DW = 
Darwin area; SA = South Alligator River; GoC = Gulf of Carpentaria; SG = southern GoC; NG = 
northern GoC 
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Table 4.9 Standardized values of pairwise and global FST, pairwise and average Jost’s 
DEST, and the associated exact test P-values for eight microsatellite loci in Pristis clavata.  
The P-values for FST and DEST are indicated in parentheses 
 FST DEST P 
WC vs NC 0.123 
(0.203) 
-0.001 
(0.280) 
0.035 
NC vs GoC 0.033 
(0.259) 
0.001 
(0.231) 
0.033 
WC vs GoC 0.172 
(0.000)* 
0.093 
(0.001)* 
0.000* 
Overall/Average 0.152 
(0.000)* 
0.019 
(0.008)* 
0.000* 
Statistically significant values after a Bonferroni correction when multiple tests were involved 
(pairwise comparisons; P  0.017) are indicated by *; WC = west coast; NC = north coast (west of 
the Gulf of Carpentaria); GoC = Gulf of Carpentaria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Factorial correspondence analysis (FCA), as implemented in GENETIX 
v.4.05.2 (Guinand 1996), illustrating the relationship between the multi-locus 
genotypes and geographic origin of samples of Pristis clavata from the west coast 
(yellow), the north coast (west of the Gulf of Carpentaria; blue), and the Gulf of 
Carpentaria (white) in Australia.  The total variation explained by each axis is given as a 
percentage 
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Figure 4.3 Estimates of the number of populations (K) of Pristis clavata in northern 
Australian waters based on Bayesian multi-locus clustering of genotypes of 72 
individuals using the: no admixture (a & b); and admixture models (c & d).  lnP(X/K) is 
the natural log of the probability of K populations given the data (X), averaged over 20 
iterations for each value of K.  K is the second order rate of change between successive 
values of K (see Evanno et al. 2005) 
 
 
4.3.1.3 Tests for sex-biased dispersal 
The overall and pairwise values of standardized FST indicate that P. clavata is 
genetically structured in northern Australian waters using both mtDNA and 
nDNA markers (Table 4.10).  The expected and actual values of overall FST for 
the nDNA markers were virtually identical and, furthermore, the actual nDNA 
value of FST for the west coast versus the Gulf of Carpentaria comparison was 
greater than that expected, suggesting dispersal is not male-biased at broad 
spatial scales (Table 4.10).  There were, however, some discrepancies between 
the pairwise comparisons involving the north coast sample; there was less 
structure in the nDNA markers than expected between the north coast sample 
and that from each of the west coast and Gulf of Carpentaria (Table 4.10).  

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Table 4.10 Results of tests for sex-biased dispersal in Pristis clavata.  Actual values of 
FST for a portion of the mtDNA control region and eight microsatellite loci for samples of 
Pristis clavata from Australian waters and the value of FST expected for the nDNA 
markers if similar amounts of structure were present as that for the mtDNA marker, 
according to Wright (1951) (see Chapter 3 section 3.2.3.3) 
 Actual mtDNA FST Actual nDNA FST Expected nDNA FST 
Overall 0.419* 0.152*  0.153† 
WC vs NC 0.666* 0.123 0.333 
WC vs GoC 0.149*a 0.172* 0.042† 
NC vs GoC 0.858* 0.033 0.602 
Statistically significant values after a Bonferroni correction (P < 0.017) indicated by *; † indicates 
a similar amount of nDNA and mtDNA structure; a indicates that the comparison was significant 
only using the FST P value; WC = west coast; NC = north coast (west of the Gulf of Carpentaria); 
GoC = Gulf of Carpentaria 
 
 
 
4.3.2 Pristis zijsron 
4.3.2.1 Mitochondrial DNA 
The nucleotide sequence of a 352 bp portion of the left domain of the control 
region of the mtDNA was determined for a total of 49 individuals of P. zijsron. 
The sequences of these individuals contained seven polymorphic sites, which 
revealed a total of nine unique haplotypes (GenBank accession numbers; 
GQ980008 and GQ980009 for haplotypes 1 and 2, respectively; Table 4.11).  The 
number of haplotypes per regional sample ranged from one (NC, N = 1) to six 
(WC, N = 26).  The average base composition of the P. zijsron sequences was: A-
22.71%, T-31.00%, C-29.58%, and G-16.72%, which is consistent with that of the 
mtDNA of P. microdon (Chapter 3 section 3.3.1) and P. clavata (section 4.3.1.1) as 
well as other elasmobranchs (e.g. Keeney et al. 2005). 
 
  4.3.2.1.1 Haplotype relationships 
The samples of P. zijsron contained a single common and widespread haplotype 
and a number of rare haplotypes, each of which was usually found in only a 
single region (Figure 4.4).  There was no evidence of a strong phylogeographic 
pattern to the distribution of haplotypes, although a small group of similar 
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haplotypes was restricted to sample from the west coast (haplotypes 2, 4, 5 and 
6) (Figure 4.4).  The lack of a strong phylogeographic pattern in the distribution 
of haplotypes is consistent with the view that this species has undergone a 
relatively recent (in an evolutionary sense) range expansion in Australian 
waters (see Chapter 5).  
 
Table 4.11 Location and distribution of seven polymorphic sites among nine 
haplotypes for a 352 bp portion of the mtDNA control region in individuals of Pristis 
zijsron from Australian waters.  The nucleotide at each polymorphic site is given for 
haplotype 1.  Numbers refer to position of base pairs from the start of the fragment.  
Nucleotides identical to haplotype 1 are indicated with periods (.).  Complete nucleotide 
sequences for haplotypes 1 and 2 are available on GenBank (accession numbers 
GQ980008 and GQ980009, respectively) 
 
 
 
 
 
 
 
 
 
Figure 4.4 Haplotype network depicting the relationships among the nine control 
region haplotypes of Pristis zijsron in Australian waters.  Each haplotype is represented 
by a circle, the size of which is proportional to the number of individuals with that 
haplotype.  Each line represents a single mutational step, with dashed lines indicating 
more than one possible path to derived haplotypes.  Empty circles indicate missing 
intermediate haplotypes  
Haplotype 5 14 19 257 303 319 352 
1 C A T T C A G 
2 . T C . . . A 
3 . T . . . . . 
4 A T . . . . . 
5 A T C . . . A 
6 . T C . . T A 
7 . T . A . . . 
8 . . . A . . . 
9 . . . . G . . 
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  4.3.2.1.2 Genetic diversity 
The overall amounts of nucleotide and haplotype diversity in the mtDNA control 
region in P. zijsron within Australian waters were low and moderate, 
respectively (Table 4.12).  The amounts of nucleotide and haplotype diversity 
were generally similar across the west and east coasts, however, both were 
reduced in the sample from the Gulf of Carpentaria (Table 4.12). 
 
 
Table 4.12 Levels of genetic diversity in a portion of the mtDNA control region in N 
individuals of Pristis zijsron from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), Gulf of Carpentaria (GoC), and the east coast (EC) of Australia 
Region N H HSTD S h π 
Overall 49 9 - 7 0.555 ± 0.078 0.0036 ± 0.0026 
WC 26 6 4.87 6 0.612 ± 0.084 0.0048 ± 0.0033 
NC 1 1 - - - - 
GoC 16 3 - 3 0.342 ± 0.141 0.0013 ± 0.0013 
EC 6 3 - 4 0.600 ± 0.215 0.0044 ± 0.0035 
H = number of haplotypes; HSTD = the standardized number of haplotypes (where N ≥ 8); S = 
number of variable sites; h = haplotype diversity ± standard error; π = nucleotide diversity ± 
standard error; a dash (-) indicates that the value was not determined 
 
  4.3.2.1.3 Population structure 
Overall, the results provide strong evidence for the presence of matrilineal 
structuring in P. zijsron in northern Australian waters.  This was evidenced by 
the presence of a significant amount of the mtDNA control region variation 
among groups in the AMOVA (Table 4.13), statistically significant values of 
overall FST and DEST, and a significant overall exact test (Table 4.14).  The values 
of pairwise FST, DEST, and the results of the exact test suggest that the mtDNA 
composition of the sample from the west coast is differentiated from that of the 
Gulf of Carpentaria (Table 4.14).  There was no evidence of mtDNA 
heterogeneity on smaller spatial scales, such as within geographic regions (Table 
4.13).   
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The presence of matrilineal structuring in P. zijsron in Australian waters appears 
to reflect differences in the relative abundances of the widespread haplotype 
between regions, as well as the presence of unique haplotypes in samples from 
different geographic regions (Table 4.15).  A single control region haplotype (1) 
was common and widespread, found in samples from three of the four 
geographic regions, but generally at different frequencies (Table 4.15).  The 
remaining eight control region haplotypes were generally restricted to a single 
geographic region, except for haplotype 3, which was found in the north coast, 
Gulf of Carpentaria, and east coast samples, but was absent from the west coast 
sample (Table 4.15).  
 
Table 4.13 Analysis of molecular variance (AMOVA) based on the frequency 
distributions of mtDNA control region sequences in samples of Pristis zijsron from 
Australian waters.  Variance components and estimates of statistical significance (P-
values) are indicated.  Percentage of variation is indicated in parentheses 
Groups Among 
groups 
Among 
populations 
within groups 
Within 
populations 
WC (CB, EB, PH, CK, 80M, RB, BB) 
NC (DW) 
GoC (SG, NG, GoC) 
EC (GK, WB, EC) 
0.030 
P = 0.039* 
(10.23) 
-0.003 
P = 0.422 
(-1.21) 
0.262 
P = 0.000* 
(90.98) 
Statistically significant values are indicated by *; WC = west coast; CB = Coral Bay; EB = Exmouth 
Bay; PH = Port Hedland; CK = Cape Keraudren; 80M = 80 Mile Beach; RB = Roebuck Bay; BB = 
Beagle Bay; NC = north coast (west of the Gulf of Carpentaria); DW = Darwin area; GoC = Gulf of 
Carpentaria; SG = southern GoC; NG = northern GoC; EC = east coast; GK = Goose Creek; WB = 
Walker Bay 
 
 
 
Table 4.14 Standardized values of pairwise and overall FST, pairwise and average Jost’s 
DEST, and the exact test P-values for mtDNA control region sequences of Pristis zijsron.  
The P-values for FST and DEST are indicated in parentheses 
 
 FST DEST P 
WC vs GoC 0.181 
(0.040)* 
0.112 
 (0.044)* 
0.017* 
Overall/Average 0.202 
(0.039)* 
0.061 
(0.039)* 
0.038* 
Statistically significant values are indicated by *; WC = west coast; GoC = Gulf of Carpentaria 
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Table 4.15 Distribution and abundance of the nine mtDNA control region haplotypes in 49 individuals of Pristis zijsron from sites on the 
west coast (WC), north coast (west of the Gulf of Carpentaria; NC), Gulf of Carpentaria (GoC), and the east coast (EC) of Australia 
 
Hap = haplotype number; CB = Coral Bay; EB = Exmouth Bay; PH = Port Hedland; CK = Cape Keraudren; 80M = 80 Mile Beach; RB = Roebuck Bay; BB = 
Beagle Bay; DW = Darwin area; GT = Groote Eylandt; AB = Albert River; KR = Karumba area; WP = Weipa area; PM = Port Musgrave; MO = Mapoon; WL = 
Wenlock River; SK = Skardon River; GK = Goose Creek; WB = Walker Bay
Region WC 
N = 26 
NC 
N = 1 
GoC 
N = 16 
EC 
N = 6 
Hap CB EB PH CK 80M RB BB DW GT AB KR WP PM MO WL SK GOC GK WB EC 
1 2 1 - 6 4 1 1 - 2 1 2 2 1 - - 2 3 2 1 1 
2 - - 1 5 1 - - - - - - - - - - - - - - - 
3 - - - - - - - 1 - - - - - 2 - - - 1 - - 
4 - - - - - - 1 - - - - - - - - - - - - - 
5 - - - 1 - - - - - - - - - - - - - - - - 
6 - - - - 1 - - - - - - - - - - - - - - - 
7 - - - - - - - - - - - - - - 1 - - - - - 
8 - - - - - - - - - - - - - - - - - - - 1 
9 - - - 1 - - - - - - - - - - - - - - - - 
Total 2 1 1 13 6 1 2 1 2 1 2 2 1 2 1 2 3 3 1 2 
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4.3.2.2 Microsatellites 
The genotypes of individuals of P. zijsron were typically determined for eight 
microsatellite loci.  The sample sizes varied from locus to locus and site to site, 
but were a minimum of 23 individuals from the west coast, 13 from the Gulf of 
Carpentaria, and four for the east coast; and 48 individuals overall (Table 4.16). 
Microsatellite data for the individual from the north coast were not included in 
the analyses because alleles from this individual could only be PCR-amplified at 
two of the loci used in this study.  This could be due to a difference(s) in the base 
pair composition of the primer annealing regions in this individual.  
 
  4.3.2.2.1 Hardy-Weinberg Equilibrium 
The numbers of homozygotes and heterozygotes at each locus in each sample of 
P. zijsron were generally in accordance with those expected under HWE.  The 
only exception to this was a single departure from HWE at locus Ppe165 in the 
east coast sample, although it was not statistically significant after a Bonferroni 
correction (Table 4.16).  In addition, the analysis of each locus in Micro-Checker 
v.2.2.3 (Van Oosterhout et al. 2004) did not identify any errors in genotyping or 
presence of null alleles, including for locus Ppe165.   
 
  4.3.2.2.2 Polymorphism and genetic diversity 
The levels of polymorphism at the eight microsatellite loci in P. zijsron were 
generally moderate to high.  The number of alleles per locus ranged from six to 
29 (average = 16.125, S.E. = 2.489), although only a single locus (Ppe152) had 
less than 10 alleles (Table 4.16).  The expected heterozygosity at each locus was 
low to high, ranging from 0.348 to 0.930 (average = 0.791, S.E. = 0.067, Table 
4.16).   
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The levels of diversity at each of the eight microsatellite loci in samples of P. 
zijsron from the west coast, the Gulf of Carpentaria, and the east coast were 
generally high (Table 4.16).  In contrast to the results from the mtDNA (section 
4.3.2.1.2), there was no consistent pattern when comparing microsatellite 
diversity in the west coast and the Gulf of Carpentaria samples.  The number of 
alleles was marginally higher in the sample from the Gulf of Carpentaria, but it is 
not clear if this reflects a real difference or a random sampling effect (Table 
4.16). 
 
Table 4.16 Number of individuals scored (N), number of alleles detected (A), 
standardized to the smallest sample size (where N  8 for all loci; ASTD), expected 
heterozygosity (HE), observed heterozygosity (HO), and the outcomes of tests for Hardy-
Weinberg Equilibrium (P) for eight microsatellite loci in samples of Pristis zijsron from 
the west coast (WC), the Gulf of Carpentaria (GoC), and the east coast (EC) of Australia.  
No values were statistically significant after a Bonferroni correction (P < 0.002)  
Region  Ppe4 Ppe88 Ppe152 Ppe165 Ppe172 Ppe179 Ppe180 Ppe186 
WC N 23 23 23 24 23 24 24 23 
 A 13 22 4 17 10 12 12 7 
 ASTD 9.453 15.694 3.085 11.813 8.826 9.665 9.215 6.047 
 HE 0.870 0.962 0.274 0.930 0.879 0.902 0.865 0.752 
 HO 0.783 1.000 0.304 1.000 0.826 0.958 0.917 0.870 
 P 0.371 0.812 1.000 0.344 0.581 0.599 0.151 0.216 
          
GoC N 13 15 18 14 15 15 16 15 
 A 8 17 4 12 12 10 12 9 
 HE 0.849 0.949 0.303 0.918 0.885 0.892 0.879 0.858 
 HO 1.000 0.933 0.333 0.857 0.867 1.000 0.813 0.867 
 P 0.843 0.341 1.000 0.136 0.538 0.505 0.225 0.669 
          
EC N 6 6 5 6 6 5 4 5 
 A 6 7 2 7 6 5 3 2 
 HE 0.848 0.879 0.467 0.894 0.818 0.867 0.679 0.556 
 HO 1.000 1.000 0.600 0.833 0.833 0.800 1.000 1.000 
 P 0.108 0.760 1.000 0.002 0.954 0.290 0.315 0.127 
          
Overall A 14 29 6 19 20 13 18 10 
 HE 0.856 0.930 0.348 0.914 0.861 0.887 0.808 0.722 
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   4.3.2.2.2.1 Relatedness 
The results of the analysis of relatedness suggest that in the majority of cases, 
individuals of P. zijsron from each of the west coast and the Gulf of Carpentaria 
were not half or full siblings.  This was evidenced by average r values of less than 
0.25 (~0.25 indicates half-siblings) and at least ~89% of all pairwise 
comparisons for each sample involved individuals that were not half or full 
siblings (Table 4.17).  However, the average relatedness of individuals in the Gulf 
of Carpentaria sample was higher than that for the west coast (Figure 4.17).  As 
was also the case for P. microdon and P. clavata, these results should be 
interpreted with caution since they are based on data from only eight 
microsatellite loci and some relationships may not be accurate (see section 
4.3.1.2.2.1; Fernández & Toro 2006; Rodríguez-Ramilo et al. 2007; Van Horn et 
al. 2008).  Overall, the estimates of relatedness for P. zijsron were similar to 
those for P. microdon (Chapter 3 section 3.3.2.2.1) and P. clavata (section 
4.3.1.2.2.1). 
 
Table 4.17 Relatedness among individuals of Pristis zijsron from the west coast (WC) 
and the Gulf of Carpentaria (GoC) in Australia  
Region r U FS/HS 
WC 0.073 86.23 4.71 
GoC 0.120 78.43 11.76 
r = average relatedness from all pairwise comparisons; U = percentage of pairwise comparisons 
involving individuals that are not first cousins or siblings (~unrelated); FS/HS = percentage of 
individuals that are likely to be full or half-siblings 
 
 
 
  4.3.2.2.3 Population structure 
Overall, the results provide strong evidence for the presence of heterogeneity in 
the distribution of microsatellite variation in P. zijsron in northern Australian 
waters, as was also the case for the mtDNA variation.  This was evidenced by the 
presence of a significant amount of the microsatellite variation among groups in 
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the AMOVA (Table 4.18), statistically significant values of overall FST and DEST, 
and a highly significant overall exact test (Table 4.19). 
 
The patterns of microsatellite variation in the samples of P. zijsron in northern 
Australian waters suggest that assemblages of this species from the west coast, 
the Gulf of Carpentaria, and the east coast are genetically differentiated from one 
another, although precise population boundaries were not defined.  This was 
evidenced by statistically significant values of FST and DEST and highly significant 
results of the exact tests for the pairwise comparisons of the west coast, Gulf of 
Carpentaria, and the east coast samples (Table 4.19).   
 
Bayesian clustering of multi-locus genotypes detected the presence of only two 
populations of P. zijsron across northern Australia using the full dataset (Figure 
4.6).  The greatest amount of structure appears to be between the east coast 
sample and that from each of the west coast and the Gulf of Carpentaria, as 
suggested by the larger values of FST and DEST and the pattern of clustered 
individuals in the FCA (Table 4.19 & Figure 4.5) and it appears that the Bayesian 
method is detecting the presence of this structure with the full dataset.  In fact, 
when only individuals from the west coast and the Gulf of Carpentaria were 
included in the Bayesian analysis, two populations were identified using the no 
admixture model (Figure 4.7).  The amount of structure in P. zijsron between the 
west coast and the Gulf of Carpentaria is likely to be close to the limits of what 
STRUCTURE can detect (a standardized FST value of 0.05 using Hedrick’s (2005) 
standardization method, calculated to be 0.061 for the west coast versus the Gulf 
of Carpentaria comparison) and may be masked in the full dataset by the more 
apparent structure between each of these samples and the east coast sample.  As 
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was the case for the mtDNA results, there was no evidence of nDNA structuring 
within geographic regions (Table 4.18).   
 
 
Table 4.18 Analysis of molecular variance (AMOVA) based on the frequency 
distributions of alleles at eight microsatellite loci in samples of Pristis zijsron from 
Australian waters.  Variance components and estimates of statistical significance (P-
values) are indicated.  Percentage of variation is indicated in parentheses 
Groups Among 
samples 
Among 
populations 
within groups 
Within 
populations 
WC (CB, EB, PH, CK, 80M, RB) 
GoC (EG, SG, NG, GoC) 
EC (GK, WB, EC) 
0.079 
 P = 0.003* 
(2.41) 
0.017 
P = 0.277 
(0.52) 
3.202 
P = 0.001* 
(97.08) 
Statistically significant values are indicated by *; WC = west coast; CB = Coral Bay; EB = Exmouth 
Bay; PH = Port Hedland; CK = Cape Keraudren; 80M = 80 Mile Beach; RB = Roebuck Bay; GoC = 
Gulf of Carpentaria; EG = eastern GoC; SG = southern GoC; NG = northern GoC; EC = east coast; GK 
= Goose Creek; WB = Walker Bay 
 
 
 
Table 4.19 Standardized values of pairwise and global FST, pairwise and average Jost’s 
DEST, and the associated exact test P-values for eight microsatellite loci in samples of 
Pristis zijsron from the west coast (WC), the Gulf of Carpentaria (GoC), and the east coast 
(EC) of Australia.  The P-values for FST and DEST are indicated in parentheses 
 
 
 
 
 
 
 
 
 
 
Statistically significant after a Bonferroni correction (P < 0.017) indicated by *  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 FST DEST P 
WC vs GoC 0.067 
(0.007)* 
0.026 
(0.012)* 
0.001* 
WC vs EC 0.284 
(0.003)* 
0.131 
(0.000)* 
0.000* 
GoC vs EC 0.214 
(0.003)* 
0.127 
(0.008)* 
0.002* 
Overall/Average 0.136 
(0.003)* 
0.102 
(0.000)* 
0.000* 
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Figure 4.5 Factorial correspondence analysis (FCA), as implemented in GENETIX 
v.4.05.2 (Guinand 1996), illustrating the relationship between the multi-locus 
genotypes and geographic origin of samples of Pristis zijsron from the west coast 
(yellow), the Gulf of Carpentaria (blue), and the east coast (white) in Australia.  The 
total variation explained by each axis is given as a percentage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Estimates of the number of populations (K) of Pristis zijsron across northern 
Australian waters based on Bayesian clustering of multi-locus genotypes of 48 
individuals using the: no admixture (a & b); and admixture models (c & d).  lnP(X/K) is 
the natural log of the probability of K populations given the data (X), averaged over 20 
iterations for each value of K.  K is the second order rate of change between successive 
values of K (see Evanno et al. 2005) 
 
 
 

K
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b) 
  c) 
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Figure 4.7 Estimates of the number of populations (K) of Pristis zijsron based on based 
on Bayesian clustering of multi-locus genotypes of 42 individuals from the west coast 
and the Gulf of Carpentaria in Australia using the: a) no admixture and b) admixture 
models.  lnP(X/K) is the natural log of the probability of K populations given the data 
(X), averaged over 20 iterations for each value of K  
 
4.3.2.3 Tests for sex-biased dispersal 
The overall and pairwise values of standardized FST indicate that P. zijsron is 
genetically structured in northern Australian waters in both mtDNA and nDNA 
markers.  There was no evidence of male-biased dispersal at large spatial scales 
in northern Australian waters since the actual values of overall and pairwise FST 
for the nDNA markers were greater than those expected, presumably a result of 
more robust estimates from the use of multiple microsatellite loci (Table 4.20). 
 
Table 4.20 Results of tests for sex-biased dispersal in Pristis zijsron from Australian 
waters.  Actual values of FST for a portion of the mtDNA control region and eight 
microsatellite loci for selected samples of Pristis zijsron and the value of FST expected for 
a nDNA marker, if the amount of structure in the nDNA marker was equivalent to that of 
the mtDNA marker, according to the equation by Wright (1951)  
 Actual 
mtDNA FST 
Actual nDNA FST Expected nDNA FST 
Overall 0.202* 0.136* 0.060† 
WC vs GoC 0.181* 0.067* 0.052† 
Statistically significant values indicated by *; † indicates similar amounts of nDNA and mtDNA 
structure; WC = west coast; GoC = Gulf of Carpentaria 
 
 
 
 
 
 
 
 
  a)  b) 
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4.4 Discussion 
The results from this chapter were derived from nucleotide sequence variation 
in a portion of the mtDNA control region and allele size variation at eight 
microsatellite loci for each of P. clavata and P. zijsron.  Overall, the results 
suggest that each of P. clavata and P. zijsron: i) has structuring in northern 
Australian waters in both the mtDNA and nDNA genomes; and ii) has moderate 
to low and generally high levels of genetic diversity in the mtDNA and nDNA 
markers, respectively.  These results have substantial conservation implications 
for these species in Australian waters, which are discussed in Chapter 6. 
 
4.4.1 Limitations of sampling 
This study has focused only on the Australian portions of the ranges of P. clavata 
and P. zijsron; however, it is unlikely that populations of either species persist in 
their historic ranges outside of Australian waters (see Chapter 1 section 1.3.4.2.2 
& 1.3.4.3.2; Last & Stevens 2009; White & Kyne 2010).  For each of P. clavata and 
P. zijsron, the number of sampling locations and sample sizes at each location 
were limited, hindering the interpretation of some aspects of the dataset, such as 
the elucidation of the location and nature of population boundaries.  However, P. 
clavata and P. zijsron are critically endangered and inhabit remote locations in 
northern Australia, making it difficult to obtain samples (e.g. Thorburn et al. 
2003; Peverell 2005).  It is uncertain whether it is possible to obtain larger 
sample sizes for each of these species in some locations (e.g. east coast) due to 
gaps in knowledge of their distribution and status (see Thorburn et al. 2003; 
Peverell 2005).  Regardless, the sample sizes used in this study compare 
favorably with those of other conservation genetic studies of elasmobranchs in 
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Australian waters (e.g. Stow et al. 2006; Dudgeon et al. 2009; Ovenden et al. 
2009).  
 
4.4.2 Population genetic structure inferred from mtDNA and nDNA 
The results of this chapter indicate that each of P. clavata and P. zijsron has 
heterogeneity in both mtDNA and nDNA markers in northern Australian waters.  
In each species, the presence of heterogeneity in both the mtDNA and nDNA is 
most likely the result of philopatric tendencies (at least regionally) of males and 
females, as is discussed below.  The merits of other possible explanations, such 
as contemporary or historic physical barriers to dispersal, disjunct distribution, 
sedentary behavior, and selection, are also considered.  
 
The structuring in the mtDNA and nDNA markers in each of P. clavata and P. 
zijsron in northern Australian waters is probably not due to the presence of a 
contemporary physical barrier(s) to dispersal.  This is because both P. clavata 
and P. zijsron grow to relatively large sizes (up to 3 m and 7 m, respectively; see 
Peverell 2005; 2008; Thorburn et al. 2008; Last & Stevens 2009), are potentially 
quite mobile (Simpfendorfer 2002; Peverell 2005), and there are no physical 
barriers to the dispersal of some other elasmobranchs in these waters, even 
when their dispersal capability is low (see Schultz et al. 2008; Ovenden et al. 
2009).  Furthermore, the presence of structuring in each of P. clavata and P. 
zijsron is unlikely to be the result of a historic barrier(s) to dispersal that is no 
longer present, as the presence of recent evolutionary connections (evidenced 
via the mtDNA haplotype network) is more consistent with the view that each of 
these species has undergone recent range expansions in Australian waters.  
Finally, the presence of structuring does not necessarily imply that individuals 
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are not moving between regions, but that there is negligible gene flow between 
assemblages, which is more likely to be linked with philopatry to breeding and 
pupping sites. 
 
Disjunct distribution causes structuring in some marine species (Palumbi 1994; 
Graves 1998) when populations are separated by unsuitable habitat and gene 
flow does not bridge the gap (e.g. Ahonen et al. 2009).  However, disjunct 
distribution is not particularly relevant for either P. clavata or P. zijsron because 
they each have a more or less continuous tropical and sub-tropical distribution 
across northern Australia, at least historically (see Last & Stevens 2009).   
 
Sedentary behavior without a pelagic larval stage causes population structuring 
in some marine species (Palumbi 1994; Kyle & Boulding 2000).  However, 
sedentary behavior is considered unlikely to be the basis for the structuring in 
either P. clavata or P. zijsron because they both are relatively large and have a 
seemingly high dispersal potential (see Simpfendorfer 2002; Jenkins 2007; 
Peverell 2008; Pillans et al. 2008). 
 
Selection is not believed to have had a major influence on the distribution of the 
variation at mtDNA and nDNA markers in either P. clavata or P. zijsron for 
reasons similar to those described for P. microdon in Chapter 3 sections 3.4.2 & 
3.4.3.  The results of Fu’s (1997) FS and Tajima’s (1989) D tests for P. clavata and 
P. zijsron (see Chapter 5 section 5.3.1.3) indicate that the patterns of variation 
differed from expectations for a neutral marker in a population at drift-mutation 
equilibrium.  However, these results are believed to reflect departures from 
drift-mutation equilibrium expectations (i.e., population growth and range 
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expansion) rather than from marker neutrality (see Fu 1997; Ayoub & Riechert 
2004; Curtis et al. 2009), because results were based on data from multiple loci 
(mtDNA and eight nDNA markers) in each of P. clavata and P. zijsron. 
 
Since the structuring in both the nDNA and mtDNA markers in each of P. clavata 
and P. zijsron is unlikely to be the result of physical barriers to dispersal, disjunct 
distribution, sedentary behavior, or selection, it would appear that the behavior 
of males and females is limiting gene flow at broad spatial scales in northern 
Australian waters.  Tagging and genetic studies have found evidence of 
philopatric behavior in both the males and females of some elasmobranchs, such 
as the Thornback Ray, Raja clavata, and hence, heterogeneity in mtDNA and 
nDNA markers (Chevolot et al. 2006a; 2006b; Appendix B).  Although the 
present study is unable to produce direct evidence (i.e., tagging data), philopatric 
behavior of males and females of each of P. clavata and P. zijsron could explain 
the pattern of population structuring observed.  Individuals of each of P. clavata 
and P. zijsron could be permanently remaining in their natal region, or are 
leaving, but returning for reproductive purposes, such as breeding and pupping 
(see Pratt & Carrier 2001; Hueter et al. 2005; Vaudo & Lowe 2006; Mull et al. 
2008).  Therefore, it is important to recognize that these individuals could be 
moving large distances from their natal geographic region outside of critical 
reproductive periods (e.g. for feeding, Encalda et al. 1996).  
 
The pooling of individuals from sites within each geographic region for each of P. 
clavata and P. zijsron potentially means the results of this chapter are based on 
samples that are not true populations.  The amounts of population structure 
based on such artificial groupings may not, therefore, be a true reflection of the 
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amount of genetic differentiation among assemblages of each of these species in 
northern Australian waters.  However, since there was no evidence of spatial 
heterogeneity in mtDNA or nDNA markers within geographic regions for each of 
these species, the pooling of regional samples has probably not resulted in 
grossly inaccurate results (e.g. a false positive of structure when there is none). 
 
4.4.2.1 Do Pristis clavata and Pristis zijsron have male-biased dispersal? 
The amounts of structure present in the mtDNA and nDNA markers in each of P. 
clavata and P. zijsron were generally similar at broad spatial scales in Australian 
waters, with an exception.  The exception was the amount of structure present in 
the mtDNA marker in P. clavata between the north coast sample and that from 
each of the west coast and the Gulf of Carpentaria was greater than that in the 
nDNA markers.  The results of an analysis of gene flow in P. clavata, using nDNA 
data (see Appendix G), indicate that the assemblage from the north coast and 
those from the west coast and the Gulf of Carpentaria have, in fact, recently 
diverged, although the sample size for the north coast was small.  The haplotype 
network provides circumstantial evidence of a recent range expansion in P. 
clavata in northern Australian waters and it is likely that not enough time has 
passed for similar amounts of structure to become apparent in the nDNA 
markers since they are less sensitive to the effects of genetic drift (as a result of 
their larger effective population sizes when compared to mtDNA markers; see 
Birkey et al. 1989; Ballard & Whitlock 2004).  
 
While there is no evidence of male-biased dispersal in each of P. clavata and P. 
zijsron at broad spatial scales in Australian waters, these species could 
potentially have male-biased dispersal at smaller spatial scales, such as within 
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geographic regions (e.g. Dudgeon et al. 2009).  If females of each of these species 
have natal philopatry to pupping sites, matrilineal structuring within geographic 
regions would be expected, creating a ‘male-biased’ in dispersal at this spatial 
scale.  Although there was no evidence for mtDNA heterogeneity within 
geographic regions in the current study, this could be due to small sample sizes 
at individual sites and reliance on a single mtDNA marker.  On the other hand, 
the habitat requirements of juvenile P. clavata and P. zijsron are not highly 
specialized and the availability of suitable habitat is relatively continuous along 
the coast within some regions of northern Australia, which may mean there is 
less pressure to pup in natal nurseries and, hence, no mtDNA heterogeneity at 
small spatial scales could be a valid result (see Takagi 2003).  
 
4.4.2.2 Comparison with Pristis microdon 
The combination of the results of mtDNA and nDNA variation in P. clavata, P. 
zijsron, and P. microdon potentially provides insights into the relationships 
between behavior, dispersal, and life history in these species. 
 
  4.4.2.2.1 Matrilineal structuring  
The amount of matrilineal structuring in each of P. clavata and P. zijsron in 
Australian waters was less than that for P. microdon.  The difference in the 
extent of structuring in these species is not likely to be explained by differences 
in the movements of juveniles.  This is because, based on preliminary tagging 
data, the juveniles of each of these species do not disperse widely and may have 
fidelity to nursery sites (see Chapter 1 sections 1.3.4.2.3 & 1.3.4.3.3).  The result 
of a higher amount of matrilineal structuring in P. microdon is not surprising as, 
at least in teleosts, marine species typically exhibit less genetic structure than 
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anadromous species (Ward 2006).  The difference in the extent of genetic 
structuring between P. microdon and each of P. clavata and P. zijsron could 
reflect a stronger and/or more localized philopatry in the females of P. microdon 
over an extended period of time.  This is consistent with the highly specialized 
nature and patchy distribution of the freshwater nursery areas of P. microdon 
relative to the more continuous marine/estuarine nursery areas used by P. 
clavata and P. zijsron (see Takagi 2003).   
 
Alternatively, the amount of matrilineal structuring may be highest in P. 
microdon because assemblages have been isolated for a longer period of time 
and/or have lower levels of historic gene flow when compared to each of P. 
clavata and P. zijsron.  The mtDNA control region haplotype networks provide 
circumstantial evidence that each of these Pristis species has undergone a recent 
range expansion within Australian waters.  The range expansion in P. microdon 
may have occurred much earlier than that in each of P. clavata and P. zijsron (i.e., 
the range expansions in the latter two species occurred relatively recently).  This 
hypothesis is explored in Chapter 5.  
 
  4.4.2.2.2 Male-biased dispersal 
The presence of male-biased dispersal in P. microdon in northern Australian 
waters is in stark contrast to the results for P. clavata and P. zijsron and 
potentially provides new insight into the evolution of male-biased dispersal in 
this taxon, and perhaps elasmobranchs more generally.  Given the large-scale 
dispersal of male P. microdon, male-biased dispersal may have evolved in this 
species, but not P. clavata and P. zijsron, as a consequence of a strong and/or 
very localized philopatry of females to avoid inbreeding (see Pusey 1987; Perrin 
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& Mazalov 2000; Handley & Perrin 2007).  The risk of inbreeding may be 
relatively high in P. microdon if females exhibit very localized philopatry (i.e., 
natal philopatry) and ‘populations’ are theoretically small in size (e.g. if a single 
river supports a single ‘population’) (see Cockburn et al. 1985; Lambin 1994; 
Perrin & Mazalov 2000; Hoarau et al. 2005).  Pristis clavata and P. zijsron may 
not exhibit male-biased dispersal over large spatial scales as a result of the 
greater availability and continuity of juvenile habitat, which could, theoretically, 
encourage larger and/or a higher number of assemblages along the coastline, 
potentially decreasing the risk of inbreeding.  
 
Evolutionary history could potentially play a role in the presence of male-biased 
dispersal in elasmobranchs since this dispersal pattern is only found in some 
locations and species (see Appendix B; Pardini et al. 2001; Schrey & Heist 2003; 
Keeney et al. 2005; Dudgeon et al. 2009; Portnoy et al. 2010; Karl et al. 2011).  
For example, male-biased dispersal also occurs in the Sandbar Shark, 
Carcharhinus plumbeus, between the west coast of Australia and Taiwan and the 
east and west coasts of Australia, but not between other locations (see Portnoy 
et al. 2010).  This hypothesis would suggest that the evolutionary history of P. 
microdon is somewhat different to that of each of P. clavata and P. zijsron in 
Australian waters, which is possible given the former species’ reliance on 
freshwater rivers.  The evolutionary history of each of P. microdon, P. clavata, 
and P. zijsron are assessed in Chapter 5 to determine whether there is evidence 
to support the hypothesis that the evolutionary history of P. microdon differs to 
that of each of P. clavata and P. zijsron, which could potentially account for the 
evolution of male-biased dispersal in the former, but not the latter two species.  
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4.4.3 Genetic diversity 
The levels of genetic diversity in the mtDNA control region and microsatellite 
loci were moderate to low and generally high, respectively, in each of P. clavata 
and P. zijsron.  The overall levels of haplotype diversity for the mtDNA control 
region in these species were moderate and generally within the range reported 
for other elasmobranchs (see Hoelzel et al. 2006; Ovenden et al. 2009; Daly-
Engel et al. 2010; Portnoy et al. 2010; Karl et al. 2011), although they did tend to 
the moderate to low part of the range.  The overall levels of nucleotide diversity 
in the control region of these species were low, but this pattern seems to be 
common in elasmobranchs and is likely linked to their relatively slow rate of 
mtDNA evolution (Martin et al. 1992; Martin 1995).   
 
Although the evidence is not unequivocal, the moderate to low levels of mtDNA 
haplotype diversity in each of P. clavata and P. zijsron in Australian waters might 
suggest that assemblages have experienced bottlenecks or were recently 
founded.  If the assemblages of each of P. clavata and P. zijsron in Australian 
waters have undergone contemporary bottlenecks, this would also imply that 
the factors causing such declines are more severe in the Gulf of Carpentaria, 
where levels of mtDNA diversity were reduced and amongst the lowest reported 
for elasmobranchs (see Daly-Engel et al. 2010).  In fact, the fishing pressure in 
the Gulf of Carpentaria is much higher than that on the west coast, with offshore 
and inshore commercial net fisheries extending the entire length of the gulf 
coast within Queensland state borders (Queensland State Department of 
Primary Industries and Fisheries 2010).  Since P. microdon did not show 
evidence of such a reduction in diversity in this region (see Chapter 3 section 
3.3.1.2), this would indicate that for P. clavata and P. zijsron, it is the juvenile 
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phase of the life history that is predominantly affected (see Peverell 2005).  The 
rivers in the Gulf of Carpentaria, which are inhabited by the juveniles of P. 
microdon, may be relatively pristine since commercial fishing is prohibited, and 
thereby offer a degree of protection to the juveniles.  In contrast, the juveniles of 
P. clavata and P. zijsron inhabiting the coastal regions of the Gulf of Carpentaria 
are likely to be more heavily impacted by net fisheries and coastal developments 
(e.g. sawfish are known to have been caught as by-catch in inshore and offshore 
fisheries, see Peverell 2005; 2008).   
 
On the other hand, the moderate to low levels of mtDNA haplotype diversity in 
the assemblages of each of P. clavata and P. zijsron in Australian waters might 
suggest that these assemblages have been recently founded (in an evolutionary 
context).  The assemblage of each of these species in the Gulf of Carpentaria may 
have been founded more recently or experienced a more severe founder effect 
than that on the west coast, which would explain the reduced levels of mtDNA 
diversity in the former region.  The hypothesis that assemblages of each of P. 
microdon, P. clavata, and P. zijsron in Australian waters have undergone 
bottlenecks or founder effects, which were more recent and/or severe in P. 
clavata and P. zijsron in the Gulf of Carpentaria, is explored in Chapter 5.  
 
The reduced levels of mtDNA diversity in the assemblage of each of P. clavata 
and P. zijsron in the Gulf of Carpentaria are unlikely to be biased by sampling a 
higher proportion of siblings in this region.  This is because the relatedness of 
individuals of each of P. clavata and P. zijsron in the Gulf of Carpentaria were 
generally similar to that for P. microdon, which did not show evidence of such a 
severe reduction in diversity in this region (see Chapter 3 section 3.3.1.2).  
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Furthermore, the proportion of siblings sampled for each species was not 
particularly high when compared to that for another elasmobranch (e.g. Larson 
et al. 2011).  
 
The levels of genetic diversity were higher for the microsatellite loci than for the 
mtDNA control region in each of P. clavata and P. zijsron, a pattern that has been 
observed in some other elasmobranchs (e.g. Schultz et al. 2008; Karl et al. 2011), 
including P. microdon.  The proposed explanation for this discordance in P. 
microdon was the characteristics of the markers (i.e., effective population sizes; 
see Ballard & Whitlock 2004) coupled with the fact that P. microdon has female 
philopatry with male-biased dispersal (see Chapter 3 section 3.4.5; Karl et al. 
2011).  Given that P. clavata and P. zijsron also have higher levels of nDNA 
diversity compared to mtDNA diversity (with no spatial variation in diversity in 
nDNA markers), but do not have male-biased dispersal at broad spatial scales in 
Australian waters, the discordance may be the consequence of reductions of 
population size (i.e., population bottlenecks/founder effects; see above) 
combined with the characteristics of the markers.  The smaller effective 
population size and slower mutation rate (characteristic of elasmobranchs; see 
Martin et al. 1992; Martin 1995) of the mtDNA marker means that it may be 
more susceptible to (long-term) genetic erosion from bottlenecks or founder 
effects than nDNA markers (see Chapter 3 section 3.4.5; Grant & Leslie 1993; 
Canino et al. 2010).  
 
4.4.4 Future research directions 
The current research has provided evidence that each of P. clavata and P. zijsron 
has spatial heterogeneity in both mtDNA and nDNA markers in northern 
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Australian waters and generally has moderate levels of genetic diversity, 
although the levels of mtDNA diversity in the assemblage in the Gulf of 
Carpentaria appears to be severely reduced.  There are a number of gaps 
regarding the population genetics of P. clavata and P. zijsron that remain to be 
filled.  Future studies should strive to increase the sample sizes at individual 
sites as well as the number of sampling sites to identify the locations and nature 
of population boundaries.  Other methods, such as genetic fingerprinting and/or 
long term tagging data, could be used to test for female philopatry to pupping 
sites.  In addition, tagging data for adult P. clavata and P. zijsron are necessary to 
assess whether the movements of these species reflect their effective dispersal.  
It may be beneficial in future studies of the population genetics of each of P. 
clavata and P. zijsron to generate a species-specific microsatellite library (since 
the microsatellite loci used in this study were chosen from a partial-genomic 
library developed for P. pectinata) to increase the number of loci and reduce any 
potential bias associated with the use of loci developed for another species (i.e., 
conserved loci).  
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Chapter 5: Evolutionary history of Pristis sawfishes in 
Australian waters 
 
5.1 Introduction 
The overall aim of this research was to generate information about the 
population genetics of the Freshwater Sawfish, Pristis microdon, the Dwarf 
Sawfish, Pristis clavata, and Green Sawfish, Pristis zijsron, in Australian waters to 
assist with the management of these critically endangered species (see Chapter 
1 section 1.5).  The population structure and levels of genetic diversity, based on 
data from mitochondrial (mtDNA) and microsatellite markers (nDNA), of each of 
P. microdon, P. clavata, and P. zijsron in Australian waters have been assessed in 
Chapters 3 and 4.  The main outcomes of these assessments were: i) P. microdon 
has matrilineal structuring coupled with a male-bias in dispersal in northern 
Australian waters; ii) each of P. clavata and P. zijsron has structuring in northern 
Australian waters in both mtDNA and nDNA markers; iii) the amount of 
matrilineal structuring is higher in P. microdon than in each of P. clavata and P. 
zijsron; iv) the levels of mtDNA diversity in each of these species are moderate to 
low and are reduced in the assemblages of P. clavata and P. zijsron in the Gulf of 
Carpentaria region; and v) the levels of heterozygosity in microsatellite markers 
in each of these species are generally high.   
 
In Chapters 3 and 4, contemporary and demographic hypotheses have been 
proposed to explain each of the above findings.  However, disentangling the 
relative influence of contemporary versus historic factors on patterns of 
population structure and levels of genetic diversity is generally complex (see 
Chapter 1 section 1.2, Costello et al. 2003; Johansson et al. 2006).  The purpose 
of this chapter was to assess the evolutionary history of each of P. microdon, P. 
Chapter 5 Evolutionary history of Pristis sawfishes 
 140 
clavata, and P. zijsron in Australian waters and use the resultant information to 
facilitate the interpretation of the basis for the amount and distribution of 
genetic variation in each of these species.  Specifically, this chapter aims to 
assess whether there is any evidence to support any of the following 
demographic hypotheses, which were raised in Chapters 3 or 4, as explanations 
for the observed patterns of population structure and levels of genetic diversity:  
i) assemblages of P. microdon have been isolated for a longer period of 
time and/or have lower levels of historic gene flow when compared to P. clavata 
and P. zijsron, which may account for the higher levels of matrilineal structuring 
in the former species (see Chapter 4 section 4.4.2.2.1);  
ii) P. microdon has undergone a recent range expansion in northern 
Australian waters and not enough time has passed for structuring to become 
evident in the nDNA, which could potentially account for the lack of structure in 
the nDNA markers (see Chapter 3 section 3.4.4);  
iii) the evolutionary history of P. microdon is different to that of each of P. 
clavata and P. zijsron, which may explain the presence of male-biased dispersal 
in the former, but not the latter species (see Chapter 4 section 4.4.2.2.2); and  
iv) Australian assemblages of each of P. microdon, P. clavata, and P. zijsron 
have undergone population bottlenecks or founder effects that were more 
recent and/or severe in each of P. clavata and P. zijsron in the Gulf of Carpentaria 
region, which may account for the observed levels of mtDNA diversity (see 
Chapter 3 section 3.4.5 & Chapter 4 section 4.4.3).      
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5.2 Methods 
5.2.1 Sampling  
The sampling of P. microdon, P. clavata, and P. zijsron was as described in section 
2.1 of Chapter 2.  The key details in the context of this chapter are as follows.  
The samples for each of P. microdon and P. zijsron came from sites in four 
geographic regions, the west coast (WC), the north coast (west of the Gulf of 
Carpentaria; NC), the Gulf of Carpentaria (GoC), and the east coast (EC).  In the 
case of P. clavata, samples were obtained from sites in the three former 
geographic regions, but not the east coast because there are no confirmed 
records of this species on the east coast (see Chapter 1 section 1.3.4.2.2).   
 
The number of individuals of each of P. microdon, P. clavata, and P. zijsron 
sampled per site was generally small (e.g. generally less than 10, which was 
considered too small to produce robust results; see Chapter 2, section 2.1), 
notwithstanding P. microdon from the Fitzroy River, so samples of each species 
from a single geographic region were pooled for analysis.  The regional sample 
sizes for each species were as follows: i) for P. microdon, 51 from the west coast, 
nine from the north coast, 88 from the Gulf of Carpentaria, and two from the east 
coast; ii) for P. clavata, 41 from the west coast, 11 from the north coast, and 26 
from the Gulf of Carpentaria; and iii) for P. zijsron, 26 from the west coast, one 
from the north coast, 18 from the Gulf of Carpentaria, and six from the east coast.   
There may be some implications of pooling the samples, especially for P. 
microdon in the Gulf of Carpentaria since there was mtDNA heterogeneity within 
this region, because the samples may not reflect ‘true’ populations (e.g. a 
‘population’ may be a smaller unit).  However, given that population boundaries 
are unknown and there was little evolutionary divergence between the sampled 
Chapter 5 Evolutionary history of Pristis sawfishes 
 142 
haplotypes within each geographic region (see section 5.3.1.1), the individuals of 
each species within each geographic region likely share a very recent 
evolutionary history.  
 
5.2.2 Genetic Assays 
The results of this chapter are based on the analysis of: i) patterns of nucleotide 
variation in a 351 - 353 (P. microdon), 351 (P. clavata), or 352 (P. zijsron) base 
pair (bp) portion of the mtDNA control region; and ii) allele length variation at 
seven (P. microdon, see Chapter 3 section 3.2.2) or eight (P. clavata and P. zijsron, 
see Chapter 4 section 4.2.2) microsatellite loci.  The mtDNA control region and 
the alleles at each microsatellite locus were PCR-amplified and 
sequenced/scored as described in Chapter 2. 
 
5.2.3 Data analyses 
Although the samples of each of P. microdon, P. clavata, and P. zijsron came from 
three or four geographic regions in Australia (see section 5.2.1), the data 
analyses, with one exception (see below), were conducted only for geographic 
regions that were relatively well sampled (i.e., N  18) for all three Pristis 
species, namely the west coast and the Gulf of Carpentaria (see section 5.2.1).  
The sample size for the north coast was moderate (i.e., N = 9 - 11) for each of P. 
microdon and P. clavata, but many of the analyses in this chapter could not 
include individuals with missing data.  This decreased the sample sizes (i.e., 
individuals with data for all loci) for the north coast to less than eight individuals 
of each species, which was considered too small to produce robust results.  In 
addition, the sample sizes from the east coast for each of P. microdon and P. 
zijsron were too small (i.e., N = 2 and 6, respectively) to provide robust results 
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and, therefore, were not included in the data analyses.  The exception was the 
inclusion of all regional samples (west coast, north coast, Gulf of Carpentaria, 
and when applicable, the east coast) in the construction of the mtDNA control 
region haplotype networks for each species.  The haplotype networks were 
constructed using all samples for each species since sample size does not alter 
the evolutionary relationships between haplotypes.  
 
5.2.3.1 Mitochondrial DNA 
  5.2.3.1.1 Haplotype relationships 
The relationships among the control region haplotypes for each of P. microdon, 
P. clavata, and P. zijsron were estimated via a haplotype network, which was 
constructed as described in Chapter 3 section 3.2.3.1.1.  The haplotype networks 
have already been presented in Chapters 3 and 4, but are presented again here 
as they provide information central to this chapter.  
 
  5.2.3.1.2 Gene flow 
The population structure of a species can be influenced by both historic and 
contemporary gene flow.  In order to assess whether the (historic) amount of 
gene flow was lower in P. microdon than in each of P. clavata and P. zijsron (see 
Chapter 4 section 4.4.2.2.1), gene flow in each species between the west coast 
and the Gulf of Carpentaria was assessed via migration rates.  Migration rates 
were estimated in MDIV (Nielsen & Wakeley 2001) and IMa2 (Hey & Nielsen 
2007).  
 
MDIV uses a coalescence-based approach using a Bayesian Markov chain Monte 
Carlo (MCMC) method to estimate migration rates (M) (Nielsen & Wakeley 
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2001).  All runs used the Hasegawa-Kishino-Yano (HKY) model (Hasegawa et al. 
1985) and 5 000 000 steps in the MCMC chain, with the first 1 000 000 steps 
discarded as burn-in.  Initial runs were performed using a maximum of 10 for M 
and the results from these runs were used as priors for a series of final runs, the 
results of which were averaged over five runs.  These settings generated 
consistent results between runs with different seed numbers and produced uni-
modal posterior distributions.  All MDIV analyses were run on the 
Computational Biology Service Unit computer cluster at Cornell University. 
 
IMa2 applies the isolation with migration model to genetic data from closely 
related populations to estimate population parameters using Bayesian MCMC 
simulations of gene genealogies and allows migration to be asymmetric (Hey & 
Nielsen 2007).  All runs to estimate mutation-scaled migration (m) used the HKY 
model (Hasegawa et al. 1985) with a minimum of 3 000 000 steps in the MCMC 
chain and the first 1 000 000 steps discarded as burn-in.  Preliminary runs were 
performed using a prior of 10 for m and five final runs with different seed 
numbers were run using the estimates from the short runs as priors.  These 
settings generated consistent results between runs with different seed numbers 
and the results were averaged over the five final runs.  Estimates were left in 
mutation-scaled units because of the lack of reliable estimates of mutation rates 
for sawfishes and the substantial error associated with the use of an 
inappropriate mutation rate (e.g. Henn et al. 2009).  When there was evidence of 
migration (i.e., the highest probability of the data was not zero), migration 
events were plotted over time to determine whether they were contemporary or 
historic events.  All IMa2 analyses for mtDNA data were run on the 
Computational Biology Service Unit computer cluster at Cornell University. 
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   5.2.3.1.2.1 Population divergence 
The time since divergence (t) of the assemblages from the west coast and the 
Gulf of Carpentaria in each of P. microdon, P. clavata, and P. zijsron was estimated 
to determine whether assemblages of P. microdon diverged earlier than the 
latter two species (see Chapter 4 section 4.4.2.2.1).  Time since divergence was 
estimated with IMa2 (Hey & Nielsen 2007) and MDIV (Nielsen & Wakeley 2001).  
IMa2 (Hey & Nielsen 2007) runs to estimate mutation-scaled time since 
divergence (t) were performed as described in section 5.2.3.1.2 with a prior of 
10 for t in the preliminary runs.  
 
MDIV (Nielsen & Wakeley 2001) runs to estimate t were performed as 
previously described (section 5.2.3.1.2).  MDIV measures divergence time in 
units of effective population time, which were calibrated into generations before 
present (Tpop) using the equation: 
Tpop = [(t  )/2L]1/ 
where t and  are the modes of their posterior distributions produced by MDIV 
(an estimate based on maximum posterior probability), L is the sequence length, 
and  is the mutation rate/site/generation (see Nielsen & Wakeley 2001; Brito 
2005).  Divergence rates for control region sequences in selected sharks have 
been estimated at 0.43% per million years (MY) (Keeney & Heist 2006) and 
0.8% per MY (Duncan et al. 2006).  These correspond to mutation rates of 2.15 x 
10-9 mutations/site/year and 4.0 x 10-9 mutations/site/year, respectively, and 
were adopted throughout this study, as this information is unknown for 
sawfishes.  To demonstrate the error associated with the use of an inappropriate 
mutation rate, time estimates were also conducted using mutation rates of 1%, 
2%, and 5% per MY.  The estimate of the number of generations since 
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population divergence was converted to years using a generation time of eight 
years for P. microdon and P. clavata and nine years for P. zijsron (see Peverell 
2008).  The generation times of these sawfishes are unknown; these values 
represent the approximate ages of sexual maturity.   
 
  5.2.3.1.3 Population size changes 
Fu’s (1997) FS, Tajima’s (1989) D, and mismatch distributions (Rogers & 
Harpending 1992) were used to assess whether each of P. microdon, P. clavata, 
and P. zijsron has undergone a change in population size in each of the west 
coast and the Gulf of Carpentaria region.  Fu’s (1997) FS and Tajima’s (1989) D 
were used to assess whether the patterns of mtDNA control region variation 
conformed to expectations for selective neutrality and population equilibrium.  
The statistical significance of each value was assessed by comparison with the 
expected distribution, as determined via 10 000 simulations in ARLEQUIN 
version 3.0 (Excoffier et al. 2005).  Significantly negative values of FS and D result 
from an excess of rare mutations and are indicative of population growth and/or 
selection.  The mismatch distribution (Rogers & Harpending 1992) and the 
goodness-of-fit of the observed distribution compared to that expected under a 
model of population growth was determined for each sample using the sum of 
squares (SSD) method with 1 000 bootstrap replicates in ARLEQUIN version 3.0 
(Excoffier et al. 2005).   
 
When the mismatch distribution of a sample was consistent with expectations 
for population growth, the number of generations since the expansion (t) was 
estimated from the peak of the mismatch distribution () with the software 
DnaSP v5 (Librado & Rozas 2009), using the equation  = 2ut, where u = µmT, 
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and µ is the mutation rate/site/generation and mT is the number of nucleotides 
in the control region sequence (Rogers & Harpending 1992).  The mutation rates 
(mutations/site/generation) employed were 1.72 x 10-8 and 3.2 x 10-8 for P. 
microdon and P. clavata and 1.93 x 10-8 and 3.6 x 10-8 for P. zijsron (see section 
5.2.3.1.2).  The time since expansion was converted to years using a generation 
time of eight years for P. microdon and P. clavata and nine years for P. zijsron 
(see section 5.2.3.1.2.1).  The values of  before and after population growth, 
where  = 2Nefµ, and µ is the mutation rate/sequence/generation (see below) 
were estimated in ARLEQUIN version 3.0 (Excoffier et al. 2005).  
    
  5.2.3.1.4 Female effective population size 
The (historic) effective female population size (Nef) was estimated for each of P. 
microdon, P. clavata, and P. zijsron from the west coast and the Gulf of 
Carpentaria, using the equation  = 2Nefµ, where µ is the mutation 
rate/sequence/generation.  The mutation rates employed were: i) 6.07 x 10-6 
and 1.13 x 10-5 for P. microdon; ii) 6.04 x 10-6 and 1.12 x 10-5 for P. clavata; and 
iii) 6.81 x 10-6 and 1.27 x 10-5 for P. zijsron (see section 5.2.3.1.2.1).  Estimates of 
 were obtained from MDIV (Nielsen & Wakeley 2001) and ARLEQUIN version 
3.0 (Excoffier et al. 2005).  MDIV was used to estimate  as described in section 
5.2.3.1.2 using a default value of zero (automatic initialization) for .  Estimates 
of  were obtained with ARLEQUIN version 3.0 (Excoffier et al. 2005) using the 
infinite-site equilibrium relationship between the number of segregating sites, 
the sample size, and  (see Watterson 1975), with a gamma correction of 0.05, 
0.13, and 0.02 for P. microdon, P. clavata, and P. zijsron, respectively (see Chapter 
3 section 3.2.3.1.2 & Chapter 4 section 4.2.3.1.2). 
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5.2.3.2 Microsatellite loci 
  5.2.3.2.1 Gene flow 
Gene flow was assessed in each of P. microdon, P. clavata, and P. zijsron between 
the west coast and the Gulf of Carpentaria for reasons described in section 
5.2.3.1.2 and to assess whether there is contemporary male gene flow in P. 
microdon, or if the lack of structure in the nDNA markers is due to a recent range 
expansion and not enough time has passed for structure to become apparent 
(~historic gene flow; see Chapter 3 section 3.4.4).  Gene flow was estimated via 
migration rates in MIGRATE v. 3.1.3 (Beerli & Felsenstein 2001) and IMa2 (Hey 
& Nielsen 2007). 
 
MIGRATE v. 3.1.3 uses a coalescence-based approach to construct the 
geneologies of sampled individuals back to a common ancestor, using the 
maximum likelihood method and the stepwise mutation model (SMM) (Beerli & 
Felsenstein 2001).  Preliminary runs used estimates of FST as starting values for 
M and allowed gene flow to be asymmetrical.  Results from the preliminary short 
runs were used as prior estimates of M in a series of final long runs.  Three final 
long runs with different seed numbers were run using 20 short chains with 1 
000 trees sampled and 10 long chains with 10 000 trees sampled with the first 
50 000 steps discarded as a burn-in.  These methods produced consistent results 
between runs with different seed numbers and results from the three long runs 
were averaged.   
 
Posterior probability distributions of mutation-scaled migration (m) were 
generated in IMa2 (Hey & Nielsen 2007) to assess gene flow in each of P. 
microdon, P. clavata, and P. zijsron between the west coast and the Gulf of 
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Carpentaria.  Preliminary runs were performed using a prior of 10 for m and the 
estimates from the short runs were used as priors for five final long runs.  All 
runs used the SMM model and the final runs had a minimum of 10 000 000 steps 
in the MCMC chain with the first 1 000 000 steps discarded as burn-in; using 
only individuals with data for all loci (missing data are not allowed).  These 
settings produced similar results between runs with different seed numbers.  
When there was evidence of migration between assemblages, the distribution of 
migration events was plotted over time to determine whether the events were 
likely to be contemporary or historic (Won & Hey 2005; Niemiller et al. 2008). 
 
   5.2.3.2.1.1 Time since divergence  
The mutation-scaled time since divergence (t) of the west coast and the Gulf of 
Carpentaria assemblages of each of P. microdon, P. clavata, and P. zijsron was 
determined to assess whether the gene flow in P. microdon (see section 5.3.2.1) 
is sufficient to prevent divergence of assemblages (indicating male-biased 
dispersal) and whether, in contrast, assemblages of P. clavata and P. zijsron were 
isolated in the contemporary environment.  Distributions of t were estimated in 
IMa2 (Hey & Nielsen 2007) as previously described (section 5.2.3.2.1) using a 
prior of 10 for t. 
 
  5.2.3.2.2 Population size changes 
The Wilcoxon’s sign rank test, a mode-shift from an L-shaped distribution of 
allele frequencies (Luikart et al. 1998), and the Garza-Williamson Index (M ratio; 
Garza & Williamson 2001) were used to test for evidence of population 
bottlenecks or founder effects in the microsatellite data for each of P. microdon, 
P. clavata, and P. zijsron from the west coast and the Gulf of Carpentaria.  The 
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Wilcoxon’s sign rank test uses the expectation that in a declining population, the 
number of alleles will suffer a greater reduction (via loss of rare alleles) than the 
heterozygosity, resulting in an excess of heterozygosity in bottlenecked 
populations (Nei et al. 1975).  The mode-shift test evaluates the allele frequency 
distribution at a locus and determines whether there has been a shift of the 
mode from the expected (L-shaped) distribution (Luikart et al. 1998).  The 
Wilcoxon’s sign rank tests and mode-shift tests were conducted in BOTTLENECK 
version 1.2.02 (Cornuet & Luikart 1996) using the stepwise mutation model 
(SMM) and the two-phase model (TPM) with 10 000 simulations per locus.  The 
TPM consisted of 90% single step mutations and 10% multi-step mutations with 
the variance for mutation size set to 12, as suggested by Piry et al. (1999).  The M 
ratio is the ratio of the number of alleles observed in a sample to the range in 
allele size at each locus (Garza & Williamson 2001) and was estimated over all 
loci for each species and assemblage as implemented in ARLEQUIN v. 3.0 
(Excoffier et al. 2005).  Garza and Williamson (2001) found that M ratios of 
stable populations were ~0.82, whereas those in populations that were known 
to have undergone a population bottleneck or founder effect were less than 
~0.68 - 0.70. 
 
When the results of the bottleneck tests suggested that each of P. microdon, P. 
clavata, and P. zijsron from the west coast and the Gulf of Carpentaria had 
undergone a population bottleneck, the time (T) since the population started 
declining was estimated in MSVAR version 1.3 (Beaumont 1999), which 
implements the Bayesian MCMC method by Storz & Beaumont (2002).  Five 
independent simulations with different random seed numbers were run using 
an exponential change in population size, 20 000 updates in the MCMC chain, 
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with a minimum of the first 100 000 steps discarded as burn-in.  The posterior 
distribution of (log10) T was generated for each simulation and the mode of the 
distribution was used as the point estimate of T, which was averaged over the 
five runs.  Preliminary runs were performed to optimize the number of MCMC 
steps for burn-in and final simulations with different starting parameters and 
random seed numbers produced similar results.  Since the generation time of 
sawfishes is uncertain, distributions of (log10) T were generated using the age of 
sexual maturity for each species (eight in each of P. microdon and P. clavata and 
nine in P. zijsron) and double the age of maturity to demonstrate the inherent 
error in such estimates if this information is inaccurate. 
 
  5.2.3.2.3 Effective population size 
The historic effective population size (Ne) was estimated for each of P. microdon, 
P. clavata, and P. zijsron from the west coast and the Gulf of Carpentaria samples 
using the equation  = 4Neµ, where µ is the mutation rate/sequence/generation.  
There are no reliable estimates of mutation rates for microsatellite loci in 
elasmobranchs; therefore mutation rates of 1 x 10-4 and 1 x 10-6 were employed 
(see Ellegren 2000; Karl et al. 2011).  A mutation rate of 1 x 10-6 tends to the 
lower range of the reported values for other taxa, but mutation rates as low as 9 
x 10-6 have been reported (see Ellegren 2000).  Furthermore, elasmobranchs are 
thought to have a slower mutation rate when compared to other vertebrates, at 
least for mtDNA, so the inclusion of a more conservative mutation rate seems 
appropriate.  Values of  were estimated using the Bayesian MCMC maximum-
likelihood approach in LAMARC version 2.1.3 (Kuhner 2006).  Runs used the K 
Allele model and preliminary runs used starting values of 0.01 for .  The results 
from the preliminary short runs were used as prior estimates of  in a series of 
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final long runs.  Three final long runs with different seed numbers were run 
using 20 short chains with 1 000 trees sampled and 20 long chains with 10 000 
trees sampled, with the first 50 000 trees discarded as a burn-in.  These methods 
produced consistent results between runs with different seed numbers and the 
results were averaged over the three long runs. 
 
Given that estimates of effective population size vary depending on the software 
employed and the assumptions of the approach, values of  were also estimated 
in IMa2.  Distributions of  were estimated in IMa2 as previously described 
(section 5.2.3.2.1) using the SMM model and a prior of 25 for  in initial runs. 
 
5.3 Results 
5.3.1 Mitochondrial DNA 
5.3.1.1 Haplotype networks 
The overall amount of evolutionary divergence among mtDNA haplotypes was 
moderate in each of P. microdon and P. clavata and more limited in P. zijsron 
(Figure 5.1).  There was a lack of a strong phylogeographic pattern to the 
distribution of haplotypes in any species (Figure 5.1), which is consistent with 
the view that each of the Pristis sawfishes has undergone a relatively recent (in 
an evolutionary sense) range expansion in Australian waters.  The sample of P. 
clavata contained one common haplotype and a number of recent mutational 
derivatives (Figure 5.1), which provides further circumstantial evidence of 
population growth for this species.  The bulk of genetic diversity in each of P. 
clavata and P. zijsron was found in the west coast sample, suggesting that these 
assemblages are older and/or more stable. 
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Figure 5.1 Haplotype network depicting the relationships among the: a) 15 control 
region haplotypes of Pristis clavata; b) nine control region haplotypes of Pristis zijsron; 
and c) 18 control region haplotypes of Pristis microdon in Australian waters.  Each 
haplotype is represented by a numbered circle, the size of which is proportional to the 
number of individuals with that haplotype.  Each line represents a single mutational 
step, with dashed lines indicating more than one possible path to derived haplotypes.   
Empty circles indicate missing intermediate haplotypes 
b) 
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Figure 5.1 (continued) Haplotype network depicting the relationships among the: a) 15 control region haplotypes of Pristis clavata; b) nine control 
region haplotypes of Pristis zijsron; and c) 18 control region haplotypes of Pristis microdon in Australian waters.  Each haplotype is represented by a 
numbered circle, the size of which is proportional to the number of individuals with that haplotype.  Each line represents a single mutational step, with 
dashed lines indicating more than one possible path to derived haplotypes.  Empty circles indicate missing intermediate haplotypes 
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5.3.1.2 Gene flow 
The results of the analysis of migration rates, based on mtDNA data, indicate that 
there was historic maternal gene flow in each of P. microdon, P. clavata, and P. 
zijsron between the west coast and the Gulf of Carpentaria.  The presence of gene 
flow was evidenced by migration rate estimates > 1 in P. microdon and P. clavata 
and the highest probability of non-zero migration in each of P. microdon, P. 
clavata, and P. zijsron (Table 5.1; Figure 5.2).  In all species, this maternal gene 
flow appears to be historical, rather than due to contemporary migration, 
because the distributions of migration events over time have a low probability at 
time zero (Figures 5.2).   
 
The historic maternal migration rates appear to be slightly lower in P. microdon 
when compared to P. clavata and P. zijsron (Table 5.1; Figure 5.2).  The historic 
maternal gene flow appears to have been uni-directional, occurring in a west to 
east direction in P. microdon, but in an east to west direction in each of P. clavata 
and P. zijsron (Figure 5.2).  There may have been more continuous or pulses of 
gene flow in P. clavata (i.e., there are two peaks, see Figure 5.2b). 
 
  5.3.1.2.1 Population divergence 
The assemblages of each of P. microdon, P. clavata, and P. zijsron from the west 
coast and the Gulf of Carpentaria appear to be genetically divergent from one 
another, based on mtDNA data.  However, the time of divergence of these 
assemblages in P. microdon most likely occurred much earlier than that for each 
of P. clavata or P. zijsron (Figure 5.3 & Table 5.2).  The divergence of the 
maternal assemblages of P. clavata from the west coast and the Gulf of 
Carpentaria appears to have occurred relatively recently, in an evolutionary 
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sense, and at roughly the same time as those of P. zijsron (Table 5.2; Figure 5.3).  
The margins of error associated with the use of an inappropriate mutation rate 
are considerable (Table 5.2), so the estimates of time since divergence should 
not be interpreted as absolute.  
 
Table 5.1 Average estimates of the migration rates, based on mtDNA control region 
data, in each of Pristis microdon, Pristis clavata, and Pristis zijsron between the west 
coast and the Gulf of Carpentaria in Australia, as determine in MDIV (M) and IMa2 (m).  
The range of migration rate estimates is indicated in parentheses  
Species M m1 m2 
P. microdon 1.48* 
(1.33 – 1.63) 
0.00 
(0.00 – 0.00) 
1.11* 
(1.07 – 1.14) 
P. clavata 11.76* 
(3.20 – 39.40) 
2.90* 
(2.64 – 3.15) 
0.00 
(0.00 – 0.00) 
P. zijsron 0.70 
(0.56 – 0.94)  
9.58* 
(9.11 – 10.08) 
0.00 
(0.00 – 0.00) 
Evidence of gene flow indicated by *; m1 indicates gene flow from the assemblage in the Gulf of 
Carpentaria to that on the west coast; m2 indicates gene flow from the assemblage on the west 
coast to that in the Gulf of Carpentaria 
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Figure 5.2 Posterior probability distributions of: a) estimates of mutation-scaled 
migration rates (m) of ‘genes’; and b) migration events over time, based on nucleotide 
sequence data from the mtDNA control region, in each of Pristis microdon (blue), Pristis 
clavata (red), and Pristis zijsron (green) between the west coast (WC) and the Gulf of 
Carpentaria (GoC).  Migration events over time were plotted only when the highest 
probability of m was non-zero.  Direction of migration is indicated in the upper right 
hand corner of each graph 
           a)     
 
             b) 
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Table 5.2 Average estimates of divergence times, based on mtDNA control region sequence data, of the assemblages of each of Pristis 
microdon, Pristis clavata, and Pristis zijsron from the west coast and the Gulf of Carpentaria.  Mutation rate indicates the rate/site/million 
years (MY) as a percent, which were converted to a mutation rate/site/generation.  The range of estimates of divergence time is indicated in 
parentheses  
TMRCA = divergence time in units of effective population time; t = mode of the posterior distribution of time produced by MDIV;  = mode of their posterior 
distribution of  produced by MDIV 
 
    Divergence time (years ago) 
Species TMRCA t  0.215% MY 0.40% MY 0.50% MY 1% MY 2% MY 5% MY 
P. microdon 2.478 
(2.403 – 2.525) 
0.360 
(0.200 – 0.640) 
3.063 
(2.898 – 3.249) 
727 400 
(381 843 –  
1 291 258) 
390 977 
(205 241 – 
694 051) 
312 782 
(555 241 – 
164 193) 
156 391 
(277 620 –  
82 096) 
78 195 
(138 810 –  
41 048) 
31 278 
(55 524 –  
16 419) 
P. clavata 3.310 
(3.295 – 3.330) 
0.108 
(0.040 – 0.300) 
3.250 
(3.110 – 3.448) 
232 558 
(82 422 –  
656 552) 
125 000 
(44 302 – 
352 885) 
100 000 
(35 442 – 282 
308) 
50 000 
(17 721 –  
141 154) 
25 000 
(8 860 –  
70 577) 
10 000 
(3 544 –  
28 231) 
P. zijsron 2.967 
(2.957 – 2.974) 
0.424 
(0.340 – 0.500) 
1.027 
(0.976 – 1.083) 
287 690 
(227 999 – 
329 136) 
154 634 
(122 549 – 
176 911) 
123 707 
(98 040 – 141 
528) 
61 853 
(49 020 –  
70 764) 
30 927 
(24 510 –  
35 382) 
12 371 
(9 804 –  
14 153) 
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Figure 5.3 Posterior probability distributions of mutation-scaled time since divergence 
(t), based on nucleotide sequence data from the mtDNA control region, of assemblages 
from the west coast (WC) and the Gulf of Carpentaria (GoC) in: a) Pristis microdon 
(blue); b) Pristis clavata (red); and c) Pristis zijsron (green) 
 
5.3.1.3 Population size changes 
The mtDNA control region data contained evidence of past growth in the 
assemblages of P. microdon, P. clavata, and P. zijsron in the Gulf of Carpentaria 
and also in those of P. clavata and P. zijsron on the west coast (Table 5.3).  This 
was evidenced by either values of FS and/or D that were negative, although not 
always significantly different from zero, or mismatch distributions that were 
consistent with expectations for population growth (Table 5.3).  However, the 
possibility cannot be ruled out that the negative values of FS and/or D for P. 
microdon in the Gulf of Carpentaria region were due to the pooling of individual 
sites within this region (see section 5.2.1).  According to the time estimates, the 
    
a) 
 
         b) 
 
     c) 
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growth in the assemblage of P. zijsron on the west coast commenced much 
earlier than that in the Gulf of Carpentaria.  The estimates also suggest that the 
growth in the assemblage of P. clavata in the Gulf of Carpentaria was more 
recent than that for P. zijsron (Table 5.3).  The population size estimates for the 
assemblages of each of P. clavata and P. zijsron from the Gulf of Carpentaria 
indicated a period of substantial population growth (Table 5.3).  
 
5.3.1.4 Female effective population size 
The estimate of female effective population size (based on mtDNA data) suggests 
that the assemblage of each of P. microdon, P. clavata, and P. zijsron from the 
west coast was probably large, historically (see Table 5.4).  The population size 
estimate for the assemblage of P. microdon from the Gulf of Carpentaria was also 
large and was roughly three times larger than that for the west coast.  In 
contrast, the population size estimate for each of P. clavata and P. zijsron from 
the Gulf of Carpentaria was relatively small when compared to that from the 
west coast and when compared to P. microdon from the Gulf of Carpentaria 
(Table 5.4).  
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Table 5.3 Results of tests for evidence of past growth, based on mtDNA control region sequence data, in assemblages of Pristis microdon, Pristis clavata, 
and Pristis zijsron from the west coast (WC) and Gulf of Carpentaria (GoC) in Australia.  Shown are Fu’s (1997) FS, Tajima’s (1989) D, and the sum of 
squared deviation for the mismatch distribution (SSD).  Assemblages with evidence of growth according to the mismatch distribution also show , the 
time since expansion in generation and years, and estimates of effective size before (0) and after (1) expansion, using two mutation rates (see section 
5.2.3.1.4).   
 
Evidence for expansion is indicated by *, - = value not determined 
 
 
 
 
Species Region Fs 
(P) 
D 
(P) 
SSD 
(P) 
 Generations (years) 0 
 
Pre-expansion 
population size 
1 
 
Post-expansion 
population size 
P. microdon WC -2.305 
(0.108) 
-0.887 
(0.210) 
0.323 
(0.000) 
- - - - - - 
 GoC -3.607 
(0.071) 
-1.946 
(0.004)* 
0.248 
(0.000) 
- - - - - - 
           
P. clavata WC -4.990 
(0.010)* 
-2.005 
(0.003)* 
0.338 
(0.000) 
- - - - - - 
 GoC -1.028 
(0.054) 
-1.159 
(0.154) 
0.000 
(0.226)* 
0.083 3 695 - 6 874 
(29 560 - 54 992) 
0.056 2 492 - 4 110 0.113 5 030 - 8 295 
           
P. zijsron WC -0.293 
(0.456) 
0.249 
(0.610) 
0.096 
(0.128)* 
1.735 68 458 - 127 364 
(616 122 - 1 146 
274) 
0.000 0 2.615 103 180 - 191 963 
 GoC -0.571 
(0.068) 
-0.649 
(0.222) 
0.194 
(0.140)* 
0.450 17 756 - 33 034 
(159 805 - 297 
306) 
0.900  35 511 - 66 067 3.6 142 045 - 264 271 
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Table 5.4 Effective female population size estimates, based on mtDNA control region sequence data, for assemblages of Pristis microdon, Pristis 
clavata, and Pristis zijsron from each of the west coast (WC) and the Gulf of Carpentaria (GoC) in Australia.  The mutation rates are indicated as the 
mutation rate/site/million years (MY) as a percentage, which were converted to the mutation rate/sequence/generation for each species.  Values 
of  were estimated with ARLEQUIN and MDIV.  The estimates of  from MDIV represent the average value over five runs with the range of values 
in parentheses 
  ARLEQUIN MDIV 
   Nef  Nef 
Species Region S 0.43% MY 0.8% MY  0.43% MY 0.8% MY 
P. microdon WC 1.333 109 802 58 982 1.026  
(1.001 – 1.080) 
84 514 
(82 455 – 88 962) 
45 398 
(44 292 – 47 788) 
 GoC 3.961 326 277 175 265 2.952  
(2.845 – 3.059) 
243 163 
(234 349 – 251 977) 
130 619 
(125 885 – 135 534) 
P. clavata WC 5.407 445 387 239 248 3.885  
(3.605 – 4.215) 
321 606 
(298 427 – 348 924) 
173 438 
(160 938 – 188 170) 
 GoC 0.268 22 076 11 858 0.134 
(0.121 – 0.138) 
11 093 
(10 017 – 11 424) 
5 982 
(5 402 - 6 161) 
P. zijsron WC 1.572 115 419 61 890 0.975 
(0.934 – 1.009) 
71 586 
(68 796 – 74 082) 
38 386 
(36 890 – 39 724) 
 GoC 0.603 44 273 23 740 0.349 
(0.286 – 0.380) 
25 624 
(20 999 – 27 900) 
13 740 
(11 260 – 14 961) 
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5.3.2 Microsatellite loci 
5.3.2.1 Gene flow and population divergence 
The microsatellite data indicate that the patterns of nDNA gene flow in P. 
microdon differ from those in each of P. clavata and P. zijsron in northern 
Australian waters.  The results suggest the presence of contemporary (or very 
recent) gene flow in P. microdon between the west coast and the Gulf of 
Carpentaria, but not in either of P. clavata or P. zijsron.  The presence of gene 
flow in P. microdon between these locations was evidenced by estimates of 
migration rates > 1 and the highest probability of non-zero migration (Table 5.5 
& Figure 5.4).  This gene flow appears to be occurring in the contemporary 
environment, as evidenced by a high probability of migration events at time 
zero, and is sufficient to prevent population divergence (Figure 5.4 & 5.5).  The 
gene flow in P. microdon may not be symmetrical as the migration rates of 
‘genes’ moving from the assemblage from the west coast into that from the Gulf 
of Carpentaria appears to be higher than vice versa, although this difference may 
be marginal (e.g. there is overlap in the values produced by LAMARC) (Table 
5.5).  Interestingly, a similar directional pattern was observed for historic 
maternal gene flow between the west coast and the Gulf of Carpentaria for P. 
microdon (see section 5.3.1.2).   
 
In contrast to the results for P. microdon, the microsatellite data indicate that, 
whilst the amount of contemporary nDNA gene flow in each of P. clavata and P. 
zijsron between the west coast and the Gulf of Carpentaria is negligible, there 
was evidence of historic gene flow in both of these species, which is consistent 
with the mtDNA results (see section 5.3.1.2).  The presence of historic nDNA 
gene flow was evidenced by migration rate estimates > 1 and the highest 
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probability of non-zero migration in each of these species (Table 5.5; Figure 5.4).  
This gene flow appears to be due to historic connections in each of P. clavata and 
P. zijsron because the distribution of migration events over time had a low 
probability at time zero with (recent) population divergence (Figures 5.4 & 5.5).  
The historic gene flow appears to have occurred primarily in an east to west 
direction in each of P. clavata and P. zijsron, although there are discrepancies in 
the ‘amount’ of gene flow estimated via the different methods (Table 5.5).  There 
may have been more continuous historic gene flow and/or pulses of gene flow in 
P. zijsron, as it appears there may have been migration events after population 
divergence (Figures 5.4 & 5.5).  
 
Table 5.5 Average estimates of the migration rates, based on microsatellite data, in 
each of Pristis microdon, Pristis clavata, and Pristis zijsron between the west coast and 
the Gulf of Carpentaria in Australia, as determine in MIGRATE (M1 and M2) and IMa2 
(m1 and m2).  The range of values are given in parentheses 
Evidence of gene flow indicated by *; 1 indicates gene flow from the assemblage in the Gulf of 
Carpentaria to that on the west coast; 2 indicates gene flow from the assemblage on the west 
coast assemblage to that in the Gulf of Carpentaria 
 
 
 
 
 
 
 
 
Species M1 M2 m1 m2 
P. microdon 1.70* 
(1.21 – 2.03) 
2.18* 
(1.83 – 2.89) 
2.24* 
(1.91 – 2.66) 
5.53* 
(4.16 – 6.69) 
P. clavata 4.12* 
(3.5 – 4.8) 
3.07* 
(2.5 – 3.6) 
2.62* 
 (2.53 – 2.75) 
0.01 
(0.00 – 0.06)  
P. zijsron 3.89* 
(3.24 – 4.52) 
2.47* 
(2.15 – 3.10) 
1.23* 
(0.97 – 1.37) 
0.46 
(0.21 – 0.95) 
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Figure 5.4 Posterior probability distributions of: a) estimates of mutation-scaled 
migration rates (m) of ‘genes’; and b) migration events over time, based on data from 
microsatellite loci, in each of Pristis microdon (blue), Pristis clavata (red), and Pristis 
zijsron (green) between the west coast (WC) and the Gulf of Carpentaria (GoC).  
Migration events over time were plotted only when the highest probability of m was 
non-zero.  Direction of migration is indicated in the upper right hand corner of each 
graph 
  b) 
   a) 
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Figure 5.5 Posterior probability distribution of mutation-scaled time since divergence 
(t), based on data from microsatellite loci, of assemblages from the west coast (WC) and 
the Gulf of Carpentaria (GoC) in each of: a) Pristis microdon (blue); b) Pristis clavata 
(red); and c) Pristis zijsron (green)  
 
5.3.2.2 Population size changes 
The assemblages of each of P. microdon, P. clavata, and P. zijsron from the west 
coast and Gulf of Carpentaria have probably undergone a population bottleneck 
or founder effect, as evidenced by M ratios less than ~0.68 - 0.70 (see Garza & 
Williamson 2001; Table 5.6).  While the estimate for the onset of the population 
decline was crude (since it depends on estimates of the mutation rate and 
generation time, which are unknown for sawfishes), it would appear that the 
decline started and/or occurred some time ago.  The assemblages of P. microdon 
from the west coast and the Gulf of Carpentaria appear to have undergone a 
historic bottleneck/founder effect at roughly similar times.  In the case of each of 
P. clavata and P. zijsron, the bottleneck/founder effect in the west coast region 
   a)    b) 
    c) 
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appears to be more recent than that for the Gulf of Carpentaria (although not 
with a generation time of 16 in P. clavata; see Table 5.6).  In contrast to the 
results of the M ratio tests, the results of the Wilcoxon sign rank and mode shifts 
tests did not provide evidence of a population bottleneck in any species (Table 
5.6).  
 
5.3.2.3 Estimates of effective population size 
The estimates of historic effective population size, based on data from 
microsatellite loci, for each of P. microdon, P. clavata, and P. zijsron varied 
depending on the methods and the mutation rate employed (see Table 5.7).  The 
patterns of the estimates of population size produced by IMa2 were more 
consistent (than those for LAMARC) with the mtDNA results (see Table 5.7; 
section 5.3.1.3).  For instance, using the estimates from IMa2, the size of the 
assemblage(s) of P. microdon in the Gulf of Carpentaria was estimated to be 
larger than that from the west coast and, in contrast, the size of the assemblage 
of each of P. clavata and P. zijsron in the Gulf of Carpentaria was smaller than 
that from the west coast.  The estimates with IMa2 may be more reliable than 
those from LAMARC because the former method does not require the 
assumption that the population is in mutation-migration-drift equilibrium 
(which is likely to have been violated because of changes in population size and 
migration, see above; see Hey & Nielsen 2007).  Regardless, the estimates of the 
effective population sizes for each of the Pristis sawfishes should not be 
interpreted as absolute because the actual mutation rates of the microsatellite 
loci and the generation times of sawfishes are unknown. 
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Table 5.6 Tests for changes in population sizes of Pristis microdon, Pristis clavata, and Pristis zijsron from each of the west coast (WC) and Gulf of 
Carpentaria (GoC) in Australia, based on data from microsatellite loci.  Data presented are the results of one-tailed Wilcoxon sign rank tests 
(presented as P values), the mode shift distribution, and the Garza-Williamson Index (M ratio).  The average time estimate for the start of the 
population bottleneck in log10 and in years (using two generation times) is presented when there was evidence of a bottleneck with at least one 
test. The range of time estimates are given in parentheses 
 
Species Region Wilcoxon 
HE excess 
Mode 
shift 
M ratio Time of bottleneck onset 
 8 years/9 years† 16 years/18 years† 
SMM TPM log10 years log10 years 
P. microdon WC 0.981 0.973 Normal 0.226* 4.13 
(4.00 – 4.26) 
13 490 
(10 000 – 18 187) 
4.40 
(4.08 – 4.64) 
25 119 
(12 022 – 43 652) 
 GoC 0.996 0.992 Normal 0.241* 4.07 
(3.85 – 4.22) 
11 759 
(7 079 – 16 596) 
4.57 
(4.44 – 4.79) 
37 154 
(27 542 – 61 660) 
          
P. clavata WC 0.994 0.994 Normal 0.232* 3.17 
(3.11 - 3.21) 
1 479 
(1 288 – 1 622) 
4.16 
(4.10 – 4.26) 
14 454 
(11 589 – 18 197) 
 GoC 0.990 0.963 Normal 0.195* 3.42 
(3.19 – 3.58) 
2 630 
(1 549 – 3 802) 
3.81 
(3.77 – 3.86) 
6 457 
(5 888 – 7 244) 
          
P. zijsron WC 0.996 0.988 Normal 0.208* 3.87 
(3.80 – 3.99) 
7 413 
(6 310 – 9 772) 
4.28 
(4.13 – 4.59) 
19 055 
(13 490 – 38 905) 
 GoC 1.000 0.999 Normal 0.199* 4.05 
(3.93 – 4.25) 
11 220 
(8 511 – 17 783) 
4.43 
(4.36 – 4.5) 
26 915 
(22 908 – 31 623) 
Evidence for population bottleneck/founder effect *; † indicates generation time for Pristis zijsron; SMM = stepwise mutation model; TPM= two-phase 
mutation model 
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Table 5.7 Average effective population size (Ne) estimates, based on data from microsatellite loci, for assemblages of Pristis microdon, Pristis 
clavata, and Pristis zijsron from each of the west coast (WC) and the Gulf of Carpentaria (GoC) using two mutation rates.  Values of  were 
estimated in IMa2 and LAMARC. The range of values are given in parentheses 
 
 
 
 
 
 
  IMa2 LAMARC 
   Ne  Ne 
Species Region  1 x 10-4 1 x 10-6  1 x 10-4 1 x 10-6 
P. microdon WC 9.566 
(7.763 – 11.367) 
23 915 
(19 408 – 28 418) 
2 391 500 
(1 940 750 – 2 841 750) 
1.317 
(1.254 – 1.366) 
3 293 
(3135 – 3415) 
329 250 
(313 500 – 341 500) 
 GoC 7.027 
(6.105 – 7.948) 
17 568 
(15 263 – 19 870) 
1 756 750 
(1 526 250 – 1 987 000)  
0.116 
(0.050 – 0.230) 
290 
(125 – 575) 
29 000 
(12 500 – 57 500) 
P. clavata WC 57.144 
(55.224 – 61.191) 
142 860 
(138 060 – 152 978) 
 
14 286 000 
(13 806 000 – 15 297 800) 
0.460 
(0.393 – 0.495) 
1 150 
(983 – 1 238) 
115 000 
(98 250 – 123 750) 
 GoC 2.519 
(2.072 – 2.855) 
6 298 
(5 180 – 7 138) 
629 800 
(518 000 – 713 800) 
0.540 
(0.449 – 0.625) 
1 350 
(1 123 – 1 563) 
135 000 
(112 250 – 156 250) 
P. zijsron WC 19.767 
(18.890 – 20.270) 
49 418 
(47 225 – 50 675) 
4 941 750 
(4 722 500 – 5 067 500) 
1.143 
(1.057 – 1.228) 
2 858 
(2643 – 3070) 
285 750 
(264 250 – 307 000) 
 GoC 2.445 
(2.149 – 2.649) 
6 113 
(5 373 – 6623) 
611 250 
(537 250 – 662 250) 
2.973 
(2.801 – 3.137) 
7 433 
(7003 – 7843) 
743 250 
(700 250 – 784 250) 
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5.4 Discussion 
The results of this chapter indicate that: i) each of P. microdon, P. clavata, and P. 
zijsron has undergone a range expansion in northern Australian waters; ii) the 
range expansion in P. microdon probably occurred earlier and in a different 
direction to that in each of P. clavata and P. zijsron; iii) the amount of historic 
maternal gene flow in P. microdon between the west coast and the Gulf of 
Carpentaria was lower than that in each of P. clavata and P. zijsron; iv) there is 
contemporary (or very recent) male gene flow in P. microdon between the west 
coast and the Gulf of Carpentaria; v) assemblages of each of P. microdon, P. 
clavata and P. zijsron from the west coast, as well as the Gulf of Carpentaria, 
were probably founded by a small number of individuals; and vi) each of P. 
microdon, P. clavata, and P. zijsron probably had historically large population 
sizes on the west coast and, in the case of the former species, also in the Gulf of 
Carpentaria.  The implications of these results on the interpretation of 
population structures and levels of genetic diversity in these species are 
discussed below. 
 
5.4.1 Evolutionary history and matrilineal population structure 
In relation to the first aim of this chapter, the results suggest that the 
assemblages of P. microdon from the west coast and the Gulf of Carpentaria have 
been isolated for a longer period of time and have lower levels of historic 
maternal gene flow when compared to each of P. clavata or P. zijsron.  In fact, the 
divergence of these assemblages in each of P. clavata and P. zijsron appears to 
have occurred relatively recently (i.e., a more recent range expansion), in an 
evolutionary sense.  Therefore, it is possible that the higher amount of 
matrilineal structuring in P. microdon reflects these different evolutionary 
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histories, which are discussed below.  However, the relative contribution of the 
time of divergence versus a stronger and more localized philopatry of the 
females over an extended period of time (a suggested alternative hypothesis for 
this pattern, see Chapter 4 section 4.4.2.2.1) on the amount of matrilineal 
structuring in P. microdon is not clear and both factors could play a role.     
 
The results of this chapter collectively suggest that there has been a range 
expansion in each of P. microdon, P. clavata, and P. zijsron in northern Australian 
waters.  This is suggested by: i) the absence of a strong phylogeographic pattern 
in the mtDNA haplotype networks of any species; ii) mtDNA evidence of 
‘population growth’ in most assemblages from the west coast and the Gulf of 
Carpentaria; iii) the presence of historic maternal gene flow in each species 
between the west coast and the Gulf of Carpentaria; and iv) the likelihood that 
the assemblages of each species in Australia have been recently founded (see 
section 5.4.3).  The available evidence (e.g. time since divergence estimates) 
suggests that the range expansion in P. microdon occurred much earlier than 
that in each of P. clavata and P. zijsron, suggesting assemblages of the former 
species have most likely been isolated for a longer period of time (see above). 
 
Range expansions are commonly reported for coastal marine species and are 
usually attributed to the effects of sea level changes and the associated changes 
in coastal morphology, although the evidence is usually circumstantial (e.g. 
Hewitt 2000; Chenoweth et al. 1998; Lukoschek et al. 2007; Swatdipong et al. 
2009).  The coastline of northeastern Australia experienced dramatic changes 
(i.e., shifts in the location of coastlines) during the glacial cycling of the 
Pleistocene with the repeated emergence of the Torres Strait land bridge at low 
Chapter 5 Evolutionary history of Pristis sawfishes 
 172 
sea levels (in the area that is now the Gulf of Carpentaria, see Voris 2000; 
Appendix H).  This shifted the distribution of shallow water marine habitats and 
is believed to have resulted in cycles of range expansion/contraction, localized 
extinctions of populations, and influenced levels of connectivity among 
populations in many marine species in these waters (see Avise 2000; Hewitt 
2000), including the starfish, Linckia laevigata (e.g. Benzie 1998), Barramundi, 
Lates calcarifer (Chenoweth et al. 1998), and the sea snake, Aipysurus laevis 
(Lukoschek et al. 2007; 2008).  In addition, the presence of the Torres Strait land 
bridge is believed to have promoted speciation events in wobbegongs as a result 
of the isolation of the assemblages on the east coast of Australia from those on 
the north and west coasts (see Corrigan & Beheregaray 2009).  The assemblages 
of P. clavata and P. zijsron in the Gulf of Carpentaria may have been subject to 
drastic, and relatively recent, cycles of range expansion/contraction as habitat 
availability fluctuated in this region during the Pleistocene (i.e., they expanded 
into the Gulf of Carpentaria relatively recently).  In addition, the assemblages of 
each of P. clavata and P. zijsron from the west coast and the Gulf of Carpentaria 
potentially could have come in contact during periods of low sea levels, which 
could also account for the higher levels of historic gene flow in these species.  
Assemblages of P. microdon in the Gulf of Carpentaria, on the other hand, may 
not have been as dramatically affected by these relatively recent sea level 
changes (i.e., no recent range expansion) because extensive riverine habitats 
remained available throughout this region even at low sea levels (Voris 2000) 
and, therefore, nursery habitat availability (and pupping sites) may have 
remained relatively constant for this species during the Pleistocene (see 
Appendix H).  Such stability of nursery habitat availability for P. microdon in the 
Gulf of Carpentaria might suggest that adult females did not have to find new 
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pupping sites/nursery areas as sea levels changed (e.g. no need to stray, as may 
have been the case for both P. clavata and P. zijsron) and, therefore, levels of 
historic maternal gene flow on regional scales would have been low.  
 
5.4.1.2 Range expansion direction 
In addition to an earlier range expansion in P. microdon, the expansion appears 
to have occurred in a different direction to those in P. clavata and P. zijsron, 
suggesting a somewhat different evolutionary history for P. microdon in 
northern Australian waters.  The west to east direction of historic maternal gene 
flow (and stronger male gene flow) suggests that P. microdon may have first 
established a population(s) on the west coast of Australia and then expanded 
into, inter alia, the Gulf of Carpentaria.  In this regard, it may be relevant that the 
rugged coastline of the west coast of Australia has remained relatively 
unchanged in the last ~300 million years (see Unmack 2001).  The availability of 
suitable freshwater habitat for juveniles on the west coast (i.e., large freshwater 
rivers that remain year round with access to the ocean) may have been limited 
(see Appendix H, Voris 2000), encouraging a range expansion via straying (e.g. 
Bowen et al. 1992; Anderson & Quinn 2007; Portnoy et al. 2010).  In contrast, 
each of P. clavata and P. zijsron appears to have first established a population(s) 
in the Gulf of Carpentaria region and subsequently expanded westward, possibly 
in association with the emergence of the Torres Strait land bridge at low sea 
levels in the area that is now the Gulf of Carpentaria.  Individuals of each of P. 
clavata and P. zijsron might have then expanded back into the Gulf of 
Carpentaria region during a subsequent period(s) of high sea level (see above; 
Keenan 1994; Voris 2000; Appendix H).  Such a complex and dynamic 
demographic history in each of P. clavata and P. zijsron may explain why the bulk 
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of mtDNA genetic diversity was found in the west coast assemblage (i.e., larger, 
more stable assemblages as a consequence of a more stable environment, see 
Palumbi 1997) and the more recent population growth in the Gulf of 
Carpentaria, despite an east to west range expansion (i.e., the bulk of genetic 
diversity is usually found in the source population, which would generally 
suggest a west to east range expansion, see Grant & Bowen 1998; Lukoschek et 
al. 2007; Portnoy et al. 2010; Phillips et al. 2011).   
 
Few studies have reported on the evolutionary history of elasmobranchs in 
northern Australian waters from which to draw comparisons.  Published studies 
of the evolutionary history of elasmobranchs in the Indo-West Pacific region 
have focused on comparisons of assemblages in northern Australia to those in 
Indonesia/Southeast Asia, often finding the presence of strong genetic breaks 
between these regions, for example, in the Zebra Shark, Stegostoma fasciatum 
(Dudgeon et al. 2009), the Spot-tail Shark, Carcharhinus sorrah (Ovenden et al. 
2009), and the Spotted Eagle Ray, Aetobatus narinari (Schluessel et al. 2010).   
 
Easterly, westerly, and bi-directional patterns of dispersal have been found in a 
number of other marine taxa, such as invertebrates, fishes, and marine reptiles, 
in the Indo-West Pacific region (e.g. Norman et al. 1994; Chenoweth et al. 1998; 
Bay et al. 2004; Lukoschek et al. 2007).  It remains unclear why different 
dispersal directions have evolved within the same bio-geographical location, 
especially in closely related species such as the Pristis sawfishes, although it 
could be linked with the location of source populations (see below), life history 
(e.g. Doherty et al. 1995; Ayre & Hughes 2000), or stochastic forces operating on 
marine populations (see Palumbi 1996).   
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5.4.2 Evolutionary history and sex-biased dispersal 
In relation to the second aim of this chapter, the analysis of gene flow suggests 
that P. microdon has contemporary (or very recent) male-biased gene flow at 
large spatial scales in northern Australian waters.  This suggests that the lack of 
spatial heterogeneity in the nDNA markers, as described in Chapter 3, is unlikely 
to be the result of a recent range expansion where not enough time has passed 
for structuring to become evident (since the effective population size of a nDNA 
marker is larger than that of a mtDNA marker; see Ballard & Whitlock 2004).  
While there is evidence to support a range expansion in P. microdon in northern 
Australian waters, it appears to have occurred some time ago.  Moreover, both P. 
clavata and P. zijsron exhibit spatial heterogeneity in the nDNA markers, despite 
having undergone more recent range expansions than P. microdon.  There is no 
obvious reason to believe that enough time has passed for structuring to become 
apparent in the nDNA for P. clavata and P. zijsron (which occurred relatively 
recently), but not for P. microdon (e.g. population sizes estimates were not an 
order of magnitude larger for P. microdon). 
 
It was suggested in section 4.4.2.2.2 of Chapter 4 that evolutionary history may 
play a role in the presence of male-biased dispersal in elasmobranchs, as this 
type of dispersal is found in only some species and/or locations and not others 
(see Pardini et al. 2001; Schrey & Heist 2003; Keeney et al. 2005; Dudgeon et al. 
2009; Portnoy et al. 2010; Karl et al. 2011).  In relation to the third aim of this 
chapter, the results suggest that the evolutionary history of P. microdon is, in 
fact, somewhat different to that of each of P. clavata and P. zijsron in Australian 
waters.  The somewhat different evolutionary history of P. microdon is 
presumably a result of the reliance of this species on freshwater rivers as 
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nurseries and may have played a key role in the evolution of male-biased 
dispersal in this species.  For example, the more constant and greater availability 
of nursery habitat for P. microdon in the Gulf of Carpentaria region over 
evolutionary time (even at low sea levels) may have allowed P. microdon a 
greater amount of time for this type of dispersal to evolve and the risk (e.g. 
survival and availability of suitable mates and resources elsewhere, see Handley 
& Perrin 2007) to straying males may have been low in light of the relative 
‘stability’ of assemblages and nursery habitat (when compare to that for P. 
clavata or P. zijsron).  
 
As mentioned in section 4.4.2.2.2 of Chapter 4, the Sandbar Shark, Carcharhinus 
plumbeus, also has male-biased dispersal between western and eastern 
Australian waters (Portnoy et al. 2010).  However, unlike P. microdon, C. 
plumbeus does not utilize freshwater habitats at any stage in their life history, 
implying it is not solely the use of freshwater rivers that causes male-biased 
dispersal in elasmobranchs in these waters.  However, C. plumbeus does not 
exhibit male-biased dispersal outside of the Indo-West Pacific region (see 
Portnoy et al. 2010; Appendix B); supporting the idea that evolutionary history 
plays a role in the evolution of male-biased dispersal in elasmobranchs.  
Uncertainty remains as to why these seemingly different species, P. microdon 
and C. plumbeus, have both evolved male-biased dispersal at large spatial scales 
in Australian waters while P. clavata or P. zijsron have not.  It appears as though 
evolutionary history has played a role in the evolution of male-biased dispersal 
in P. microdon and C. plumbeus, but it could also be related to inconspicuous 
similarities of these species such as the number and/or location of breeding sites 
(i.e., a single site for Australian assemblages) or factors that are thought to select 
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for the evolution of sex-biased dispersal in mammals, but are not necessarily 
selected for in other geographic locations and/or species (e.g. resource 
competition, local mate competition, inbreeding avoidance, kin cooperation, see 
Greenwood 1980; Dobson 1982; Perrin & Mazalov 2000; Perrin & Lehmann 
2001).  More research is needed on a range of elasmobranch species to attempt 
to disentangle why some species have male-biased dispersal (in some locations) 
while others do not and the selective pressures that favor the evolution of sex-
biased dispersal in elasmobranchs more generally.  
 
5.4.3 Evolutionary history and genetic diversity 
In relation to the fourth aim of this chapter, the results of the bottleneck tests 
(i.e., M ratio) provide evidence to suggest that the assemblages of each of P. 
microdon, P. clavata, and P. zijsron from the west coast and the Gulf of 
Carpentaria have undergone bottlenecks or founder effects, which were more 
severe for the latter two species in the Gulf of Carpentaria region.  Although 
considered unlikely, the low values of M could also be due the microsatellite loci 
in the Pristis sawfishes violating the SMM mutational model in (see Guinand & 
Scribner 2003; Williamson-Natesan 2005).  The possibility also cannot be ruled 
out that the low value of M for P. microdon in the Gulf of Carpentaria region was 
due to the pooling of samples from individual sites within this region.   
 
Given that the results of this chapter collectively suggest there has been a range 
expansion in each of the Pristis species in Australian waters, regional 
assemblages of each species may have been founded by a small number of 
individuals.  Founder effects could account for the moderate to low levels of 
mtDNA diversity in assemblages of each of P. microdon, P. clavata, and P. zijsron 
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from the west coast and Gulf of Carpentaria regions (see Chapter 3 section 3.4.5 
& Chapter 4 section 4.4.3).  The assemblages of P. clavata and P. zijsron in the 
Gulf of Carpentaria region may have been affected more severely (i.e., severely 
reduced levels of mtDNA diversity) by repeated cycles of expansion and 
contraction (e.g. founder effects in the Gulf of Carpentaria at high sea levels 
followed by range contractions at low sea levels) or more recently (e.g. recent 
range expansion, see section 5.4.1), given their extremely low values of M.  The 
greater stability in habitat availability and an earlier range expansion (i.e., less 
recent founder effect) in P. microdon could potentially explain why this species 
did not exhibit such a severe reduction in mtDNA diversity (and such low values 
of M) in the Gulf of Carpentaria.  
 
The reported values of M for assemblages of each of P. microdon, P. clavata, and 
P. zijsron are low when compared to the values reported for other 
elasmobranchs (e.g. Plank et al. 2010; Chapman et al. 2011) as well as for other 
taxa with evidence of population bottlenecks or founder effects, such as the 
Mediterranean Monk Seal, Monachus monachus, Northern Elephant Seal, 
Mirounga angustirostris, Northern Pike, Esox lucius, Finnish wolf, Canis lupus, and 
an introduced, island population of the elk, Cervus elaphus roosevelti (see Garza 
& Williamson 2001; Aspi et al. 2006; Hundertmark & Van Daele 2010).  In fact, 
the values of M for assemblages of each of P. microdon, P. clavata, and P. zijsron 
are amongst the lowest ever reported (e.g. Garza & Williamson 2001; Aspi et al. 
2006; Hundertmark & Van Daele 2010).  It is possible that the use of a 
microsatellite library developed for another species (i.e., Pristis pectinata) has 
contributed to lower values of M (via lower polymorphism), however, it seems 
unlikely that this is the sole reason for such low values of M.  This is because the 
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levels of polymorphism at the loci and the number of alleles in assemblages of 
each of P. microdon, P. clavata, and P. zijsron were not particularly low when 
compared to those reported for P. pectinata (see Feldheim et al. 2010).  
Furthermore, other studies that have used microsatellite loci developed for 
other species have not found such low M values (e.g. Abdelkrim et al. 2005; 
Hundertmark & Van Daele 2010).  Rather, the extremely low values of M might 
suggest that, in addition to the historical founder effects, these assemblages have 
also undergone contemporary declines in abundance and the continued 
pressure has prevented any recovery of alleles.  No evidence was found to 
support the hypothesis of contemporary bottlenecks in these assemblages 
despite the belief that each species has suffered a decline in abundance.  
However, it is worth noting that contemporary bottlenecks in elasmobranchs 
seem to be difficult to detect using molecular methods with a single sample (e.g. 
Keeney et al. 2005; Schultz et al. 2008; Plank et al. 2010; Chapman et al. 2011).  
This is presumably due to the long generation time and longevity of 
elasmobranchs, which may buffer/mask the effects of a recent, i.e., only a few 
generations, bottleneck (see Swart et al. 1994; Lippe et al. 2006; Hailer et al. 
2006; White et al. 2009).  Perhaps the best way to resolve whether these 
assemblages have also undergone contemporary bottlenecks is to use temporal 
samples (i.e., historic sawfish rostra) to directly measure the levels of genetic 
diversity in the assemblages in the past (e.g. Ludwig et al. 2000; Larson et al. 
2002; Hoelzel et al. 2002; Leonard 2008; Phillips et al. 2009; Lo 2010).     
 
The discrepancies between the results of the M ratio tests and the 
heterozygosity excess and mode shift tests (i.e., M ratio tests provided evidence 
of a bottleneck/founder effect while the heterozygosity excess and mode shift 
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tests did not) have been found in a number of other studies and is most likely 
related to the timescales of the two types of tests (e.g. Spong & Hellborg 2002; 
Abdelkrim et al. 2005; Hundertmark & Van Daele 2010).  M ratio tests are 
believed to detect older bottleneck events because of the longer time necessary 
for the ratio of the number of alleles to allele size range to reach equilibrium (see 
Garza & Williamson 2001), whereas the heterozygosity excess and mode shift 
tests are more appropriate for detecting recent bottlenecks.  The latter two tests 
are generally poor at detecting older bottlenecks because the signature of a 
bottleneck based on heterozygosity can be masked by a period of substantial 
population growth within a relatively short time (see Nei et al. 1975; 
Hundertmark & Van Daele 2010).  In turn, enough time may have also passed for 
levels of heterozygosity to recover or to be masked by population growth, which 
could account for the generally high levels of heterozygosity in the nDNA 
markers for assemblages of each of the Pristis species in northern Australian 
waters (see Chapter 3 section 3.3.2.2; Chapter 4 section 4.3.1.2.2 & 4.3.2.2.2).  In 
contrast, reductions in the levels of diversity in the mtDNA may take 
substantially longer to recover, especially since elasmobranch have 
characteristically have slow rates of mtDNA evolution (i.e., mtDNA is more 
susceptible to long-term genetic erosion; see Chapter 3 section 3.4.5 & Chapter 4 
section 4.4.3; Martin et al. 1992; Martin 1995). 
 
5.4.3.1 Sources of Australian assemblages  
As indicated above, the Australian assemblages of each of P. microdon, P. clavata, 
and P. zijsron were probably founded by a small number of individuals.  For each 
of these species, the precise source of the Australian assemblages is unknown 
because no samples were collected outside of the Australian portion of these 
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species’ ranges, although some information can be deduced.  The location of the 
source(s) of the Australian assemblages of P. microdon is potentially different to 
that for each of P. clavata and P. zijsron.  The former species was likely to have 
been founded first on the west coast, by individuals from the Indian Ocean or 
Asia, followed by a eastward range expansion, as is thought to be the case for 
Green Turtles, Chelonia mydas (Norman et al. 1994), and possibly C. plumbeus, 
although the latter was based on the premise (alone) that levels of genetic 
diversity are lower in the source population than in the founder population (see 
Portnoy et al. 2010).  In the cases of P. clavata and P. zijsron, the assemblages 
were probably first founded in the Gulf of Carpentaria region, by individuals 
from Asia, Indonesia, or the Pacific Ocean, followed by a range expansion to the 
west, a pattern also observed in L. laevigata (Benzie 1998) the sea cucumber 
Holothuria nobilis (Uthicke & Benzie 2003) and the parrotfish, Chlorurus sordidus 
(Bay et al. 2004) (see section 5.4.1).  Similarly, assemblages of S. fasciatum from 
the Gulf of Carpentaria and Papua New Guinea appear to share a relatively 
recent history, and it has been suggested that individuals from Papua New 
Guinea may have colonized the Gulf of Carpentaria (see Dudgeon et al. 2009).   
 
The west coast and Gulf of Carpentaria assemblages of each of the Pristis species 
have most likely been founded from a single source population and then 
expanded in range within Australian waters, as is the case for other vertebrates 
(e.g. Norman et al. 1994; Bay et al. 2004).  This is likely to be the case because 
the amount of evolutionary divergence between the sampled haplotypes from 
the west coast and Gulf of Carpentaria was moderate in each of P. microdon and 
P. clavata and more limited in P. zijsron, i.e., more evolutionary divergence would 
be expected if the source populations of the assemblages from the west coast 
Chapter 5 Evolutionary history of Pristis sawfishes 
 182 
and the Gulf of Carpentaria were different for any species (see Bay et al. 2004; 
Duncan et al. 2006).  
 
5.4.4 Effective population size 
The effective population size estimates imply that the assemblage of each of P. 
microdon, P. clavata, and P. zijsron from the west coast was large, at least 
historically.  In the cases of P. clavata and P. zijsron, the west coast assemblages 
were probably historically more stable than those in the Gulf of Carpentaria.  
The effective population size estimate of the assemblage(s) of P. microdon in the 
Gulf of Carpentaria was substantially larger than that for the west coast, possibly 
reflecting the greater habitat availability or wider sampling within this region 
(see Chapter 2 section 2.1).  In contrast, the effective population size estimate of 
the assemblage of each of P. clavata and P. zijsron from the west coast was larger 
than that for the Gulf of Carpentaria, which could be the consequence of a more 
stable environment (i.e., the coastline of western Australia did not shift 
drastically with changes in sea levels, see Voris 2000).  In turn, the greater 
stability and larger size of the west coast assemblage of each of P. clavata and P. 
zijsron could account for the higher levels of mtDNA diversity in this region (see 
Palumbi 1997), even though the Gulf of Carpentaria region was probably 
founded first (see section 5.4.1.1).  The effective population size estimates for 
each of P. microdon, P. clavata, and P. zijsron are generally similar to estimates 
for other elasmobranchs (e.g. Hoelzel et al. 2006; Chabot & Allen 2009; Karl et al. 
2011; Chapman et al. 2011).  However, few genetic studies of elasmobranchs 
have reported effective population size estimates and for those that have, the 
differences in the spatial scales (e.g. global or local), demographic histories (e.g. 
bottlenecks), and methods for the estimation of  confound such comparisons.  
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For example, the effective population size estimates from this study used 
coalescent methods to assess longer-term, historical population sizes whereas 
the study of the Smalltooth Sawfish, Pristis pectinata, used the linkage 
disequilibrium method for a single temporal sample (samples are from a single 
generation; see Waples 2006) to determine short-term contemporary 
population sizes; the results of which are not directly comparable because of the 
difference in time scales (see Wang 2005). 
 
5.4.5 Caveats 
The interpretation of the evolutionary history of each of the Pristis species in 
Australian waters has been based on samples from only two geographic 
locations in Australian waters (i.e., the west coast and the Gulf of Carpentaria).  
Therefore, there is a note of caution that the data underlying the interpretation 
are somewhat limited and more extensive sampling is needed to confirm (or 
otherwise) the suggested evolutionary histories of the Pristis sawfishes in 
Australian waters.  In addition, the interpretation of the evolutionary history of 
each of the Pristis sawfishes has been inferred from genetic data from 
contemporary samples alone, which is dependent on a number of restrictive 
assumptions (see Avise 2000; Hare 2001).  There are no reliable demographic 
data available on the history of any of these species in Australian waters (e.g. 
historical catch records; see Peverell 2005) or alternative approaches to verify 
the interpretation of the evolutionary history of each of these species in 
Australian waters (i.e., there are not multiple streams of evidence).  
Furthermore, data from historic samples to draw comparisons from (e.g. for 
genetic diversity estimates over time) are not yet available (see Phillips et al. 
2009a; Lo 2010).  
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The interpretation of the results of this chapter has been inferred from analyses 
of gene flow, changes in population size, times of population divergence, and 
effective population sizes.  Some of the analyses (e.g. MSVAR) as well as the time 
and population size estimates have applied: i) mtDNA mutation rates derived 
from mtDNA divergence rates in shark species which are taxonomically distant 
to sawfishes (i.e., Blacktip Shark and Scalloped Hammerhead); ii) the age of 
maturity as a generation time; and/or iii) ‘standard’ estimates of microsatellite 
mutation rates (e.g. Ellegren 2000; Karl et al. 2011); some of which may not be 
accurate.  Since this information (i.e., mutation rates and a generation time) was 
unknown for any species of sawfish, the most appropriate ranges for generation 
time and mutation rates were employed rather than single point estimates.  
Therefore, the estimates using such parameters are not meant to be interpreted 
as absolute, and have not been linked to discrete geological times and/or events.  
Rather, they have been presented to give an indication of the relative population 
sizes and timings of events for the three species and/or geographic regions.  
  
5.4.6 Future research directions 
A number of uncertainties regarding the evolutionary history of each of P. 
microdon, P. clavata, and P. zijsron remain unresolved.  Future studies should 
aim to generate genetic data for assemblages of each species outside of 
Australian waters to make phylogeographic patterns more apparent and to 
attempt to identify the source(s) of Australian assemblages.  The incorporation 
of natural history specimens (e.g. rostra) into genetic studies may be the only 
means to resolve these unknowns because each of the Indo-West Pacific Pristis 
sawfishes has likely been extirpated from much of its former range outside of 
Australian waters (i.e., samples from live sawfishes are not available; see 
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Chapter 1 sections 1.3.3, Last & Stevens 2009; White & Kyne 2010).  However, 
studies incorporating historic sawfish rostra would require data from a large 
number of small loci to be successful.  The use of small loci would be necessary 
because the DNA from such samples is often degraded, making it difficult and/or 
unreliable to amplify large fragments (see Phillips et al. 2009a; Lo 2010).  Such 
studies would also require species-specific microsatellite libraries because 
libraries designed for other species (e.g. in this case, P. pectinata) are unlikely to 
contain a large number of small, suitable loci (e.g. polymorphic with no scoring 
artifacts, see Chapter 2 section 2.4.1). 
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Chapter 6: Conclusion and conservation implications 
 
6.1 Main findings 
This research used mitochondrial DNA (mtDNA) and microsatellite loci to assess 
the population structure, levels of genetic diversity, and evolutionary history of 
each of the Freshwater Sawfish, Pristis microdon, the Dwarf Sawfish, Pristis 
clavata, and the Green Sawfish, Pristis zijsron, in northern Australian waters.  
This research was undertaken to generate information that could be used to 
assist with the conservation of these critically endangered species in northern 
Australian waters.  In fact, this study represents the first substantial 
investigation into the conservation genetics of these sawfish species (see 
Chapter 1 section 1.3.6.2 & 1.4).  The main findings for each of P. microdon, P. 
clavata, and P. zijsron are described below. 
 
6.1.1 Pristis microdon 
Pristis microdon has high levels of matrilineal structuring coupled with male-
biased dispersal in northern Australian waters.  While population boundaries 
were not clearly defined, matrilineal structuring appears to be occurring over 
relatively small spatial scales (at least) in the Gulf of Carpentaria, suggesting that 
females might have relatively localized philopatry (e.g. natal philopatry).  Males 
appear to be more wide-ranging, with contemporary (or very recent) gene flow 
between at least the assemblages on the west coast and in the Gulf of 
Carpentaria.  The levels of mtDNA and nDNA diversity in P. microdon in 
Australian waters were generally moderate to low and high, respectively.  The 
assemblages of P. microdon from each of the west coast and the Gulf of 
Carpentaria appear to have been founded by a small number of individuals; the 
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assemblage on the west coast was probably founded first, followed by a range 
expansion eastwards into, inter alia, the Gulf of Carpentaria.  The west coast and 
the Gulf of Carpentaria regions have probably sustained large and relatively 
stable assemblages of P. microdon since habitat availability (i.e., freshwater 
rivers for juveniles) was relatively constant throughout the Pleistocene, even at 
low sea levels (see Voris 2000).  
 
6.1.2 Pristis clavata 
Pristis clavata has heterogeneity in both mtDNA and nDNA markers in northern 
Australian waters.  The assemblages of this species from the west coast, north 
coast, and the Gulf of Carpentaria were genetically differentiated from one 
another, although precise population boundaries were not defined.  The 
presence of heterogeneity in both mtDNA and nDNA markers in this species has 
been explained by philopatric behavior of adult males and females to pupping 
and/or breeding sites.  The levels of mtDNA and nDNA diversity in P. clavata in 
Australian waters were generally moderate to low and high, respectively.  
However, the assemblage of P. clavata in the Gulf of Carpentaria appears to have 
severely reduced levels of mtDNA diversity when compared to the assemblages 
of this species on the west and north coasts.  The assemblage of P. clavata from 
each of the Gulf of Carpentaria and the west coast appear to have been founded 
by a small number of individuals; the assemblage from the Gulf of Carpentaria 
was most likely founded first, followed by a range expansion to the west.  The 
assemblage of P. clavata in the Gulf of Carpentaria region has likely experienced 
dramatic cycles of range expansion and contraction in association with the 
glacial cycling of the Pleistocene (see Voris 2000), which has probably caused 
the severely reduced levels of mtDNA diversity in this region.  
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6.1.3 Pristis zijsron 
The results for P. zijsron were very similar to those for P. clavata (section 6.1.2).  
Pristis zijsron has heterogeneity in both mtDNA and nDNA markers in northern 
Australian waters.  The assemblages of this species from the west coast, the Gulf 
of Carpentaria, and the east coast were genetically differentiated from one 
another, although precise population boundaries were not defined and the north 
coast was not represented in the population structure analyses.  The presence of 
heterogeneity in both mtDNA and nDNA markers in P. zijsron has been explained 
by philopatric behavior of adult males and females to pupping and/or breeding 
sites.  The levels of mtDNA and nDNA diversity in P. zijsron in Australian waters 
were generally moderate to low and high, respectively.  However, the levels of 
mtDNA diversity in the assemblage of P. zijsron in the Gulf of Carpentaria appear 
to be reduced when compared to those in the assemblages on the west and east 
coasts.  The assemblage of P. zijsron from each of the Gulf of Carpentaria and the 
west coast appears to have been founded by a small number of individuals; the 
assemblage from the Gulf of Carpentaria was most likely founded first, followed 
by a range expansion to the west.  The assemblage of P. zijsron in the Gulf of 
Carpentaria region has most likely experienced dramatic cycles of range 
expansion and contraction in association with the glacial cycling of the 
Pleistocene (Voris 2000), which has probably caused the reduced levels of 
mtDNA diversity in this region.  
 
6.1.4 Comparisons of Pristis sawfishes 
As implied above, P. microdon appears to differ from each of P. clavata and P. 
zijsron in regards to important aspects of its population structure, levels of 
mtDNA diversity in the Gulf of Carpentaria, and evolutionary history.  The 
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amount of matrilineal structure appears to be highest in P. microdon, which has 
been attributed to a stronger and/or more localized philopatry of females 
and/or an earlier divergence of assemblages from the west coast and the Gulf of 
Carpentaria (i.e., less recent range expansion).  The presence of male-biased 
dispersal in P. microdon, but not P. clavata and P. zijsron, is possibly linked to the 
unique life history of the former species, i.e., its reliance on freshwater rivers as 
juveniles.  The reliance of P. microdon on freshwater habitats as nursery areas 
has, in all probability, influenced the evolutionary history of this species, as the 
availability of freshwater rivers was relatively stable in northern Australian 
waters throughout the Pleistocene (i.e., in comparison to the inshore coastal 
nursery areas used by P. clavata and P. zijsron, see Voris 2000).  Although it 
remains unclear precisely why male-biased dispersal has evolved only in P. 
microdon, it could be linked to the more constant availability of nursery habitat 
for P. microdon in the Gulf of Carpentaria region over evolutionary time (i.e., 
allowing a greater amount of time for this type of dispersal to evolve), a lower 
risk to straying males as a result of the stability of assemblages, breeding 
locations, or selective pressures that cause such dispersal in other species (e.g. 
inbreeding avoidance, see Pusey 1987; Perrin & Mazalov 2000; Handley & Perrin 
2007).  The relative stability of freshwater rivers in the Gulf of Carpentaria 
during the glacial cycling of the Pleistocene (see Voris 2000) suggests that P. 
microdon may not have been subject to as drastic cycles of range expansion and 
contraction as P. clavata and P. zijsron, which could explain why the levels of 
mtDNA diversity were not reduced in the Gulf of Carpentaria region for P. 
microdon, as was the case for each of P. clavata and P. zijsron. 
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6.2 Conservation implications 
The Pristis sawfishes in northern Australia waters warrant species-specific 
conservation plans because of the key differences in their population structures, 
levels of genetic diversity, and evolutionary histories (see section 6.1.4).  
Developing a general pristid conservation plan would be unsuitable, as the 
extent of the risk of extirpation in each species would not be properly addressed 
and the appropriate spatial scale(s) for management of P. microdon differs from 
that for each of P. clavata and P. zijsron.  The conservation implications of the 
main findings of this study are described below.    
 
6.2.1 Pristis microdon 
The presence of philopatric females coupled with male dispersal in P. microdon 
has significant implications for the conservation of this species.  The 
conservation of endangered species with sex-biased dispersal can be relatively 
complex because what constitutes a population and/or independent 
management unit tends to be unclear (Bowen et al. 2005; Cano et al. 2008).  The 
protection of females at small spatial scales should be paramount in the 
conservation of P. microdon as philopatric behavior increases the risk of 
localized extirpation (see Powles et al. 2000; Leonard 2008).  In addition, 
maintaining freshwater river health and protecting pupping grounds should also 
be a high priority, as once a ‘population’ is lost from a river or groups of nearby 
rivers, it may be difficult to re-establish naturally (e.g. Schroth et al. 1996; 
Bowen et al. 2005; Lee et al. 2007; Leonard 2008; Sheridan et al. 2010).  This is 
especially true for the west coast of Australia, where only a single river (i.e., the 
Fitzroy River) is known to sustain a large assemblage of P. microdon, making re-
establishment via straying females unlikely in the short or medium-term (see 
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Thorburn et al. 2007; Whitty et al. 2009; Morgan et al. 2011b).  Conservation 
plans also need to take into account the likelihood that a decline in the 
abundance of this species in one region could have a direct effect on its ‘health’ 
(e.g. abundance and genetic diversity) in other locations via male dispersal (e.g. 
Sheridan et al. 2010).  The conservation of P. microdon, therefore, requires a 
level of cooperative management with similar standards in state and 
commonwealth waters with protected migratory routes (when they are 
identified).  
 
The overall levels of genetic diversity in P. microdon in Australian waters were 
moderate to low and generally high in mtDNA and nDNA markers, respectively.  
This suggests that the prognosis for the short and medium-term survival of P. 
microdon is relatively good (see Amos & Balmford 2001), assuming that these 
measures of diversity provide a reasonable reflection of genome-wide diversity 
(see Kohn et al. 2006; Ouborg et al. 2010).  However, most of the mtDNA control 
region diversity was present as rare haplotypes, which would be highly 
susceptible to loss via genetic drift, especially if the abundance of P. microdon 
should decline further (e.g. Lacy 1987; Garza & Williamson 2001).  Any loss of 
mtDNA diversity in P. microdon is unlikely to be reversible in the short or 
medium-term in light of the low rate of mtDNA evolution in elasmobranchs (see 
Martin et al. 1992; Martin 1995).  
 
6.2.2 Pristis clavata and Pristis zijsron  
The management of P. clavata and P. zijsron is more straightforward than that 
for P. microdon because they each have heterogeneity in both mtDNA and nDNA 
markers in northern Australian waters (i.e., dispersal is not male-biased at large 
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spatial scales).  Given their similar population structures and life histories, P. 
clavata and P. zijsron could be managed using similar conservation plans.  In 
particular, such plans need to take into account the relatively high risk of 
localized extirpation (regionally) in each of these species.  Assemblages of P. 
clavata from the west coast, north coast, and the Gulf of Carpentaria could be 
considered independent demographic units, as could assemblages of P. zijsron 
from the west coast, the Gulf of Carpentaria, and the east coast, because the 
amount of (male and female) gene flow between assemblages appears to be 
negligible (see Palsbøll et al. 2007).  However, there is a note of caution in that 
the nature and location of the population boundaries between the regional 
assemblages of each of P. clavata and P. zijsron remain unclear (e.g. discrete or 
isolation by distance, Pogson et al. 2001; Bay et al. 2008).  Nevertheless, a 
decline in abundance of P. clavata or P. zijsron in one region is unlikely to be 
replenished by immigration from other locations.  Perhaps most importantly, 
philopatric tendencies increase the chances of localized extirpation (see Leonard 
2008); if a population(s) of P. clavata and/or P. zijsron were lost from one 
geographic region, it would be unlikely to re-establish naturally in the short or 
medium-term (i.e., protection of both males and females should be a high 
priority; e.g. Schroth et al. 1996; Bowen et al. 2005; Lee et al. 2007; Leonard 
2008; Sheridan et al. 2010).  
 
The levels of genetic diversity in the assemblage of each of P. clavata and P. 
zijsron from the west coast suggest that the prognosis for short and medium-
term survival for these assemblages is relatively good (see Amos & Balmford 
2001), assuming that these measures of diversity reflect genome-wide diversity 
(see Kohn et al. 2006; Ouborg et al. 2010).  The risk of extirpation may be 
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relatively high for the assemblages in the Gulf of Carpentaria, where P. clavata 
and P. zijsron are considered rare (Peverell 2005; 2008) and levels of mtDNA 
diversity were reduced (see Hedrick & Miller 1992; Reed & Frankham 2003).  
The low levels of mtDNA diversity in each of P. clavata and P. zijsron are most 
likely a consequence of a relatively recent (in an evolutionary context) founder 
effect.  Regardless, measures should be put in place to curb any further declines 
of abundance, such as protecting nursery areas and pupping grounds, i.e., 
inshore waters and mangrove areas.  The loss of mtDNA diversity in each of P. 
clavata and P. zijsron is unlikely to be reversible in the short or medium-term in 
light of the low rate of mtDNA evolution in elasmobranchs (see Martin et al. 
1992; Martin 1995). 
 
6.2.3 Predictions for other elasmobranchs 
Some of the information obtained in this study may be used to make predictions 
about patterns of population structure in other sawfishes or elasmobranchs in 
northern Australian waters.  For example, it could be predicted, a priori, that the 
other Indo-West Pacific sawfish, the Narrow Sawfish, Anoxypristis cuspidata, 
which has a similar life history to P. clavata and P. zijsron, would have 
heterogeneity in both mtDNA and nDNA markers at large spatial scales in 
northern Australian waters.  While P. microdon is the only elasmobranch known 
to date to (strictly) utilize freshwater rivers as juveniles and marine waters as 
adults, this pattern of habitat partitioning may be found in some other poorly 
understood euryhaline elasmobranchs (see Martin 2005).  It could be predicted 
that elasmobranchs in northern Australian waters with such a life history would 
be likely to have high amounts of matrilineal structuring over relatively small 
spatial scales and potentially male-biased dispersal.   
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Some of the results of this study may also be used to make predictions about 
sawfishes outside of Australian waters.  For example, the Smalltooth Sawfish, 
Pristis pectinata, has a life history similar to P. clavata and P. zijsron (see 
Simpfendorfer 2005; Simpfendorfer et al. 2011).  Therefore, it could be 
predicted that P. pectinata would have heterogeneity in at least mtDNA markers, 
and possibly nDNA markers (see below), at large spatial scales.  Similarly, the 
two other largetooth sawfishes, Pristis perotteti and Pristis zephyreus (see 
Chapter 1 section 1.3.1), are known to utilize freshwater rivers, although it is 
somewhat uncertain whether they have similar life histories to P. microdon 
(Thorson 1982; Simpfendorfer 2000b; Faria 2007).  If they have similar life 
histories to P. microdon, it could be hypothesized that they might have mtDNA 
heterogeneity over relatively small spatial scales and possibly male-biased 
dispersal (see below).   
 
This study has shed light on the possibility that habitat use and evolutionary 
history plays an important role in the presence of male-biased dispersal in 
Pristis sawfishes in northern Australian waters, and perhaps elasmobranchs 
more generally.  This might explain why this type of dispersal is only found in 
some elasmobranchs in certain locations (e.g. Keeney et al. 2005; Dudgeon et al. 
2009; Portnoy et al. 2010; Karl et al. 2011).  However, the potential importance 
of evolutionary history on the occurrence of male-biased dispersal makes it 
difficult to predict whether other sawfishes would be likely to have male-biased 
dispersal outside of northern Australian waters.  
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6.3 Conservation genetics of marine species 
Conservation genetic studies of marine species generally lag behind those for 
terrestrial species.  This has generally been attributed to the greater difficulty of 
acquiring data on endangered species in the marine environment (see Ovenden 
1990; Avise 1998; Féral 2002; Waits & Paetkau 2005).  Most conservation 
genetic studies of marine species (to date) have centered on economically viable 
species in commercial fisheries and/or aquaculture to assist in stock 
management (see Gell & Roberts 2003; Hooker & Gerber 2004; Nielsen et al. 
2009).  However, conservation genetic studies of ‘endangered’ marine species 
are becoming increasingly more common and are typically focused on species 
identification (e.g. Ovenden et al. 2010; Morgan et al. 2011a), assessments of 
population structure (Campbell et al. 2008; Engelhaupt et al. 2009), levels of 
neutral genetic diversity (Hoelzel et al. 2002; Swatdipong et al. 2010), and 
evolutionary history (Waldick et al. 2002; Curtis et al. 2009) (see Chapter 1 
section 1.2).  Such assessments are important first steps in the conservation of 
any species (see Hedrick 2001; Frankham 2009) and were, therefore, the focus 
of the current research.  Assessments of genome-wide parameters and the use of 
adaptively significant markers (see Frankham 2009; Gebremedhin et al. 2009; 
Avise 2010; Ouborg et al. 2010) are still lacking for most endangered marine 
species, but are gradually becoming available for economically viable species 
(e.g. Conover et al. 2006; Nielsen et al. 2009).  Investigations into the amount 
and distribution of adaptively significant genetic diversity would be particularly 
useful for the Pristis sawfishes in northern Australian waters to facilitate a 
rigorous assessment of the evolutionary potential of these species (see Hedrick 
2001).   
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6.3.1 Integrating science and management 
Despite conservation genetics being an applied science, the formal incorporation 
of genetic data into the management strategies for wild populations has been 
slow and it is often unclear how much of the available data is being integrated 
into conservation plans (see Vernesi et al. 2008; Waples et al. 2008; see section 
6.4).  This is mainly due to concerns about data validity and hurdles in 
communication, management constraints, and politics (see Chapter 1 section 
1.2; Waples et al. 2008; Morin et al. 2010).   
 
Concerns over data quality (i.e., whether the methods, data analyses, and 
interpretation of the data are appropriate) are justified, as there is the potential 
for substantial conservation and economic consequences of the results of 
conservation genetics studies (see Chapter 1 section 1.2; Morin et al. 2010).  The 
results for P. microdon highlight the importance of the selection of appropriate 
molecular markers in population genetic studies, particularly when the results 
will be used to make important management decisions (e.g. Bowen et al. 2005).  
For example, population structure assessments of P. microdon based on data 
from a single type of marker, such as microsatellites, could lead to the 
inappropriate conclusion that assemblages of this species in northern Australian 
waters are genetically homogenous.  Conservation plans based on such 
information could have disastrous results due to the mismanagement of females 
and/or freshwater river habitats.  Nevertheless, some genetic studies of 
elasmobranchs have utilized only a single class of molecular marker and have 
not assessed male and female gene flow separately (e.g. Chabot & Allen 2009; 
Mendonça et al. 2009; Pereyra et al. 2010; Plank et al. 2010; Sandoval-Castillo & 
Rocha-Olivares 2011).  
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Communication issues, management constraints, and politics greatly hinder the 
incorporation of population genetic data into conservation plans.  
Communication issues can be (somewhat) resolved by scientists providing 
conservation implications of the results of population genetic studies in ‘plain 
English’ (see section 6.2) and by scientists playing a more active role in the 
development of conservation plans (see Kinnaird & O’Brien 2001; Stinchcombe 
et al. 2002; Vernesi et al. 2008).  However, management constraints and politics 
are considerably more difficult to overcome, primarily because there are often 
disconnects between what conservation measures need to be taken and what 
can feasibly be accomplished.  For example, international cooperative 
management may be necessary (although the feasibility is uncertain) to 
maintain the abundances and ‘health’ of Australian assemblages of P. microdon, 
P. clavata and P. zijsron because individuals may be migrating outside of critical 
breeding and pupping periods into areas where they are not protected.  
Cooperative management is required to effectively protect many marine species 
(see Chapter 1 section 1.2), but is not always achievable (e.g. for some migratory 
species) because of the large number of agencies, states, and countries needed to 
collectively agree on management practices (e.g. Musick et al. 2000; Crowder et 
al. 2006).  As a result, the management of some marine species is done via 
political boundaries rather than natural population boundaries (Pickett & 
Ostfeld 1995; Carr et al. 2003).  The management of marine species via political 
boundaries is inappropriate for endangered species whose natural population 
boundaries do not abide by state of national borders and protecting only a 
portion of a population may be inadequate (e.g. Chapter 1 section 1.2, Norman 
2005; Castro et al. 2007; Schmidt et al. 2009). 
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6.4 Outcomes of this research 
Some of the results of this research have recently been used to propose new 
regulations for the sawfish (i.e., P. microdon) aquarium trade (see Chapter 1 
section 1.4).  Since the protection of females has been identified as paramount in 
the conservation of P. microdon (see section 6.2.1), a ban on the take of female P. 
microdon for display in aquariums has been proposed, unless special 
permissions are granted for captive breeding programs (see Freshwater Sawfish 
Expert Review Committee 2009).  Furthermore, since P. microdon has mtDNA 
heterogeneity at small spatial scales within the Gulf of Carpentaria, it has been 
proposed that any individuals to be removed should be sourced from different 
rivers in this region to reduce the impact on independent matrilineal 
assemblages (e.g. decrease the risk of localized depletion, see Freshwater 
Sawfish Expert Review Committee 2009). 
 
Prior to the commencement of this study, no species of sawfish was protected in 
Northern Territory or Queensland state waters and P. clavata and P. zijsron were 
not protected in Australian Commonwealth waters (see Chapter 1 section 1.3).  
This study has shown that, because of a lack of female gene flow  (as well as male 
gene flow in P. clavata and P. zijsron), the extirpation of Pristis assemblages from 
one location (e.g. the west coast, Gulf of Carpentaria) may be largely irreversible 
in the short and medium-term.  As a result, each state needs to protect sawfishes 
to ensure their survival, i.e., protecting P. clavata in Western Australian state 
waters may not assist in the survival of P. clavata in Queensland state waters if 
they are not protected in the latter.  In addition, the connectivity of P. microdon 
assemblages via male flow means that cooperative management between states 
is necessary to safeguard abundances of this species across Australia.  Some of 
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the results of this (and other) research have been provided to managers (at the 
state and national level) and has resulted in the protection of P. microdon, P. 
clavata, and P. zijsron in Northern Territory (in 2010) and Queensland (in 2009) 
state waters and the listing of P. clavata (in 2009) and P. zijsron (in 2008) as 
vulnerable in Australian Commonwealth waters under the Environment 
Protection and Biodiversity Conservation (EPBC) Act 1999.  This ultimately means 
that P. microdon, P. clavata, and P. zijsron are currently protected throughout 
their contemporary ranges in Australian waters.   
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APPENDIX A Map of Australia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1 Map of Australia showing state boundaries and some bays, landmarks, and 
cities that are referred to in the text of this thesis 
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APPENDIX B Population structure in elasmobranchs 
 
Table B1 Population structure in elasmobranchs including the species, geographic location, marker(s), whether significant structure was 
found (Y = yes; N = no), the FST value for each marker, whether there was evidence of sex-biased dispersal, and the reference of the study.  
References can be found in the reference section of this thesis 
Species Location Marker1 Structure ΦST/FST Marker 2 Structure FST Sex-biased 
dispersal 
Reference 
Cetorhinus 
maximus 
Pacific v Atlantic mtDNA CR N NR - - - - Hoelzel et al. 2006 
Rhincodon typus Atlantic v W Indian  mtDNA CR Y 0.215 - - - - Castro et al. 2007 
Atlantic v E Indian  Y 0.196 - - - -  
 Atlantic v NW Pacific  Y 0.163 - - - -  
 Atlantic v NE Pacific   Y 0.208 - - - -  
 W Indian v E Indian  Y 0.072 - - - -  
 W Indian v NW Pacific  N 0.001 - - - -  
 W Indian v NE Pacific  N 0.037 - - - -  
 E Indian v NW Pacific  N 0.002 - - - -  
 E Indian v NE Pacific  N 0.000 - - - -  
 NW Pacific v NE Pacific  N 0.000 - - - -  
Rhincodon typus Pacific v Caribbean - - - msats N 0.039 - Schmidt et al. 
2009 Pacific v Indian - - -  N -0.002 - 
 Caribbean v Indian - - -  Y 0.030 -  
Galeorhinus 
galeus 
Africa v Australia mtDNA CR Y 0.34 - - - - Chabot & Allen 
2009 Africa v N America Y 0.88 - - - - 
 Africa v S America  Y 0.83 - - - -  
 Africa v UK  Y 0.90 - - - -  
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Species 
 
 
 
 
 
Location 
 
 
 
 
 
Marker1 
 
 
 
 
 
Structure 
 
 
 
 
 
ΦST/FST 
 
 
 
 
 
Marker 2 
 
 
 
 
 
Structure 
 
 
 
 
 
FST 
 
 
 
 
Sex-biased 
dispersal 
 
 
 
 
 
Reference 
Galeorhinus 
galeus 
Australia v N America mtDNA CR Y 0.88 - - - - Chabot & Allen 
2009 Australia v S America  Y 0.85 - - - - 
 Australia v UK  Y 0.90 - - - -  
 N America v S America  Y 0.67 - - - -  
 N America v UK  Y 0.61 - - - -  
 S America v UK  Y 0.64 - - - -  
Squatina 
californica 
Santa Rosa/Santa Cruz Islands v  
San Clemente Island 
- - - Allozymes Y  - Gaida 1997 
 Santa Rosa v Santa Cruz Islands - - -  N NR -  
Squalus 
acanthias 
Japan v Washington/Oregon mtDNA 
ND2 
N -0.008 msats N -0.005 - Veríssimo et al. 
2010 Japan v California N 0.011  N 0.014 - 
 Japan v New Zealand  Y 0.170  Y 0.091 NO 
 Japan v Chile  Y 0.198  Y 0.084 NO  
 Japan v Virginia  Y 0.249  Y 0.094 NO  
 Japan v Massachusetts  Y 0.193  Y 0.084 NO  
 Japan v Ireland  Y 0.178  Y 0.094 NO  
 Japan v UK  Y 0.258  Y 0.094 NO  
 Japan v Argentina  Y 0.178  Y 0.075 NO  
 Washington/Oregon v California  N -0.004  N 0.007 -  
 Washington/Oregon v New Zealand  Y 0.170  Y 0.092 NO  
 Washington/Oregon v Chile  Y 0.198  Y 0.080 NO  
 Washington/Oregon v Virginia  Y 0.248  Y 0.092 NO  
 Washington/Oregon v 
Massachusetts 
 Y 0.193  Y 0.083 NO  
 Washington/Oregon v Ireland  Y 0.178  Y 0.091 NO  
 Washington/Oregon v UK  Y 0.257  Y 0.093 NO  
 Washington/Oregon v Argentina  Y 0.179  Y 0.073 NO  
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Structure 
 
 
 
 
 
FST 
 
 
 
 
Sex-biased 
dispersal 
 
 
 
 
 
Reference 
Squalus 
acanthias 
California v New Zealand mtDNA 
ND2 
Y 0.190 msats Y 0.074 NO Veríssimo et al. 
2010 California v Chile Y 0.220  Y 0.069 NO 
 California v Virginia  Y 0.270  Y 0.065 NO 
 California v Massachusetts  Y 0.213  Y 0.064 NO  
 California v Ireland  Y 0.199  Y 0.066 NO  
 California v UK  Y 0.279  Y 0.068 NO  
 California v Argentina  Y 0.199  Y 0.055 NO  
 New Zealand v Chile  N -0.018  N 0.001 -  
 New Zealand v Virginia  N 0.004  N 0.005 -  
 New Zealand v Massachusetts  N -0.002  N 0.007 -  
 New Zealand v Ireland  N -0.010  N 0.005 -  
 New Zealand v UK  N 0.007  N 0.002 -  
 New Zealand v Argentina  N -0.014  N -0.002 -  
 Chile v Virginia  N -0.007  N 0.007 -  
 Chile v Massachusetts  N -0.009  N 0.007 -  
 Chile v Ireland  N -0.012  N 0.004 -  
 Chile v UK  N -0.010  N 0.002 -  
 Chile v Argentina  N -0.018  N -0.003 -  
 Virginia v Massachusetts  N 0.000  N 0.001 -  
 Virginia v Ireland  N -0.002  N -0.002 -  
 Virginia v UK  N -0.012  N -0.003 -  
 Virginia v Argentina  N 0.003  N 0.000 -  
 Massachusetts v Ireland  N -0.001  N 0.001 -  
 Massachusetts v UK  N 0.002  N 0.002 -  
 Massachusetts v Argentina  N 0.002  N -0.001 -  
 Ireland v UK  N 0.003  N -0.003 -  
 Ireland v Argentina  N 0.000  N -0.012 -  
Appendix 
 222 
 
 
 
 
 
Species 
 
 
 
 
 
Location 
 
 
 
 
 
Marker1 
 
 
 
 
 
Structure 
 
 
 
 
 
ΦST/FST 
 
 
 
 
 
Marker 2 
 
 
 
 
 
Structure 
 
 
 
 
 
FST 
 
 
 
 
Sex-biased 
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Reference 
Squalus 
acanthias 
UK v Argentina mtDNA 
ND2 
N 0.002 msats N 0.005 - Veríssimo et al. 
2010 
Sphyrna lewini Pacific Panama v Baja California mtDNA CR N 0.002 - - - - Duncan et al. 2006 
 Taiwan v Philippines N 0.100 - - - -  
 Taiwan v E Australia N 0.016 - - - -  
 Philippines v E Australia  Y 0.122 - - - -  
 E Australia v W Australia  Y 0.397 - - - -  
 S Africa v Seychelles  N 0.009 - - - -  
 Hawaii v Baja California  Y 0.448 - - - -  
 Hawaii v Pacific Panama  Y 0.629 - - - -  
 Hawaii v Taiwan  Y 0.330 - - - -  
 Hawaii v E Australia  Y 0.171 - - - -  
 W Australia v S Africa  Y 0.991 - - - -  
 W Australia v Seychelles  Y 0.736 - - - -  
 S Africa v NW Atlantic  Y 0.573 - - - -  
Sphyrna lewini US Atlantic v Gulf of Mexico mtDNA 
CR 
N -0.01 - - - - Chapman et al. 
2009 
 US Atlantic v Central America 
Caribbean 
Y 0.68 - - - -  
 US Atlantic v Brazil  Y 0.88 - - - -  
 Gulf of Mexico v Central America 
Caribbean 
 Y 0.69 - - - -  
 Gulf of Mexico v Brazil  Y 0.91 - - - -  
 Central America Caribbean v Brazil  Y 0.62 - - - -  
Sphyrna lewinii Indonesia v E Australia mtDNA N NR msats N NR - Ovenden et al. 
2009 Indonesia v W Australia CR N NR  N NR - 
 E Australia v W Australia  N NR  N NR -  
Rhinobatos 
productus 
Gulf of California v Pacific mtDNA CR 
RFLP 
Y 0.63 - - - - Sandoval-Castillo 
et al. 2004 
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Reference 
Mustelus schmitti Argentina v Rio de la Plata (in 
between Argentina and Uruguay) 
mtDNA 
cyt b 
Y 0.684 - - - - Pereyra et al. 2009 
 Argentina v offshore Uruguay Y 1.000 - - - -  
 Arentina v Atlantic coast Uruguay  Y 0.738 - - - -  
 Rio de la Plata v Offshore Uruguay  N 0.000 - - - -  
 Rio de la Plata v Atlantic coast 
Uruguay 
 N 0.002 - - - -  
 Off shore Uruguay v  
Atlantic coast Uruguay 
 N 0.000 - - - -  
Mustelus 
antarctica 
South coast Australia v NSW coast 
Australia 
mtDNA RE N NR Allozymes Y NR - Gardner & Ward  
1998 
 Townsville v south coast and NSW 
coast Australia 
 Y NR  Y NR NO  
Negaprion 
brevirostris 
W Florida v Bimini - - - msats Y 0.016 - Feldheim et al. 
2001 Bimini v Florida Keys - - -  Y 0.011 - 
 Bimini v Brazil - - -  Y 0.019 - 
 W Florida v Florida keys - - -  N 0.005 -  
 W Florida v Brazil - - -  Y 0.034 -  
 Florida keys v Brazil - - -  Y 0.025 -  
Negaprion 
brevirostris 
Bahamas v Brazil mtDNA 
CR 
Y 0.45 msats Y 0.057 NO Schultz et al. 2008 
Bahamas v Guniea-Bissau Y 0.69  Y 0.24 NO  
 Brazil v Guinea Bissau  Y 0.83  Y 0.23 NO  
Negaprion 
acutidens 
W Australia v E Australia mtDNA 
CR 
N NR msats N NR - Schultz et al. 2008 
W Australia v French Polynesia N NR  Y 0.070 -  
 E Australia v French Polynesia  N NR  Y 0.087 -  
Urobatis halleri Seal Beach Cal v Seal Beach National 
Wildlife Refuge 
- - - msats N 0.001 - Plank et al. 2010 
 Seal Beach Cal v San Diego - - -  N -0.002 -  
 Seal Beach Cal v Santa Catalina Island - - -  Y 0.013 -  
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Reference 
Urobatis halleri Seal Beach v Gulf of California - - - msats N 0.006 - Plank et al. 2010 
 Seal Beach National Wildlife Refuge v 
San Diego 
- - -  N -0.001 -  
 Seal Beach National Wildlife Refuge v 
Santa Catalina Island 
- - -  Y 0.013 -  
 Seal Beach National Wildlife Refuge v 
Gulf of California 
- - - - Y 0.007 -  
 San Diego v Santa Catalina Island - - - - Y 0.011 -  
 San Diego v Gulf of California - - - - N 0.002 -  
 Santa Catalina Island v Gulf of 
California 
- - - - Y 0.025 -  
Stegostoma 
fasciatum 
S Queensland v N Queensland mtDNA 
ND4 
Y  0.295 msats N NR YES Dudgeon et al. 
2009 
S Queensland v Papua New Guinea N NR  N NR -  
 S Queensland v Gulf of Carpentaria  N NR  Y 0.014 -  
 S Queensland v Java  Y 0.737  Y 0.098 NO  
 N Queensland v Papua New Guinea  Y 0.503  N NR YES  
 N Queensland v Gulf of Carpentaria  Y 0.448  Y 0.034 NO  
 N Queensland v Java  Y 0.763  Y 0.096 NO  
 Papua New Guinea v Gulf of 
Carpentaria 
 N NR  N NR -  
 Papua New Guinea v Java  Y 0.477  Y 0.095 NO  
 Gulf of Carpentaria v Java  Y 0.661  Y 0.087 NO  
Triakis 
semifasciata 
Sites in California waters mtDNA CR Y 0.069 ISSRs Y 0.110 NO Lewallen et al. 
2007 
Carcharhinus 
obscurus 
Indonesia v W Australia mtDNA CR Y 0.191 msats N NR NC Ovenden et al. 
2009 Indonesia v E Australia N NR  N NR - 
 W Australia v E Australia 
 
 
 N NR  N NR -  
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Reference 
Carcharhinus 
sorrah 
W Australia v Indonesia mtDNA CR Y 0.903 msats Y 0.038 NO Ovenden et al. 
2009 W Australia v Gulf of Carpentaria N NS  N NR - 
 W Australia v E Australia N NS  N NR -  
 Indonesia v Gulf of Carpentaria  Y 0.751  Y 0.047 NO  
 Indonesia v E Australia  Y 0.823  Y 0.040 NO  
 Gulf of Carpentaria v E Australia  N NR  N NR -  
Prionace glauca Indonesia v Mid N Pacific mtDNA N NR msats N NR - Ovenden et al. 
2009 Indonesia v W Australia CR N NR  N NR - 
 Indonesia v E Australia  N NR  N NR -  
 Mid N Pacific v W Australia  N NR  N NR -  
 Mid N Pacific v E Australia  N NR  N NR -  
 W Australia v E Australia  N NR  N NR -  
Raja clavata North Sea v English Channel v Irish 
Sea 
- - - msats Y 0.013 - Chevolot et al. 
2006a; 2006b 
See papers for 
more details 
 Azores v European continental shelf mtDNA 
cyt b 
Y 0.60  Y 0.086 NO 
 Mediterranean v European 
continental shelf 
Y 0.150  Y 0.040 NO 
Amblyraja 
radiata 
Sites within N Atlantic mtDNA 
cyt b 
N 0.008 - - - - Chevolot et al. 
2007 Sites within Iceland N 0.010 - - - - 
Aetobatus 
narinari 
Australia v SE Asia mtDNA 
cyt b 
Y 0.337 mtDNA ND4 Y 0.470 NO Schluessel et al. 
2010 Australia v E China Sea Y 0.877 Y 0.767 NO 
 Australia v Central Pacific  Y 0.8511    -  
 Australia v S Africa  Y 0.917  Y 0.887 NO  
 Australia v E Pacific  Y 0.986    -  
 Australia v Atlantic  Y 0.976  Y 0.937 NO  
 SE Asia v E China Sea  Y 0.585  Y 0.491 NO  
 SE Asia v Central Pacific  Y 0.367    -  
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Aetobatus 
narinari 
SE Asia v S Africa mtDNA 
cyt b 
Y 0.578 mtDNA ND4 Y 0.854 NO Schluessel et al. 
2010 SE Asia v E Pacific Y 0.909    - 
 SE Asia v Atlantic  Y 0.976  Y 0.905 NO  
 E China Sea v Central Pacific  Y 0.773    -  
 E China Sea v S Africa  Y 0.864  Y 0.956 NO  
 E China Sea v E Pacific  Y 0.975    -  
 E China Sea v Atlantic  Y 0.968  Y 0.975 NO  
 Central Pacific v S Africa  Y 0.709    -  
 Central Pacific v East Pacific  N 0.900    -  
 Central Pacific v Atlantic  Y 0.943    -  
 S Africa v E Pacific  Y 1.000    -  
 S Africa v Atlantic  Y 0.958  Y 0.989 NO  
 E Pacific v Atlantic   Y 0.948      
Carcharodon 
carcharias 
Australia/New Zealand v S Africa mtDNA CR Y 0.933 - - - - Jorgenson et al. 
2009 
 Australia/New Zealand v NE Pacific Y 0.682 - - - -  
 S Africa v NE Pacific  Y 0.970 - - - -  
Carcharodon 
carcharias 
Australia v New Zealand mtDNA 
CR 
N NR msats - - - Pardini et al. 2001 
Australia v S Africa Y 0.81  N NR YES  
 New Zealand v South Africa  Y 0.89  N NR YES  
Carcharhinus 
plumbeus 
Virginia v Gulf of Mexico mtDNA 
RFLP 
N NR Allozymes N NR - Heist et al. 1995 
Carcharhinus 
plumbeus 
Taiwan v W Australia mtDNA Y 0.178 msats N 0.001 YES Portnoy et al. 2010 
Taiwan v Hawaii CR Y 0.314  Y 0.042 NO 
 Taiwan v E Australia  Y 0.288  Y 0.007 NO  
 Taiwan v S Africa  Y 0.650  N -0.000 YES  
 Taiwan v Gulf of Mexico  Y 0.691  Y 0.043 NO  
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Carcharhinus 
plumbeus 
Taiwan v Virginia mtDNA CR Y 0.677 msats Y 0.044 NO Portnoy et al. 2010 
Taiwan v Delaware Bay  Y 0.661  Y 0.050 NO  
 Taiwan v Chesapeake Bay  Y 0.662  Y 0.059 NO  
 W Australia v Hawaii  Y 0.410  Y 0.054 NO  
 W Australia v E Australia  Y 0.131  N 0.005 YES  
 W Australia v S Africa  Y 0.617  N 0.010 YES  
 W Australia v Gulf of Mexico  Y 0.675  Y 0.046 NO  
 W Australia v Virginia  Y 0.667  Y 0.048 NO  
 W Australia v Delaware Bay  Y 0.652  Y 0.054 NO  
 W Australia v Chesapeake Bay  Y 0.649  Y 0.063 NO  
 Hawaii v E Australia  Y 0.467  Y 0.062 NO  
 Hawaii v S Africa  Y 0.666  Y 0.056 NO  
 Hawaii v Gulf of Mexico  Y 0.691  Y 0.105 NO  
 Hawaii v Virginia  Y 0.674  Y 0.098 NO  
 Hawaii v Delaware Bay  Y 0.659  Y 0.108 NO  
 Hawaii v Chesapeake Bay  Y 0.656  Y 0.119 NO  
 E Australia v S Africa  Y 0.588  Y 0.016 NO  
 E Australia v Gulf of Mexico  Y 0.678  Y 0.048 NO  
 E Australia v Virginia  Y 0.676  Y 0.055 NO  
 E Australia v Delaware Bay  Y 0.657  Y 0.059 NO  
 E Australia v Chesapeake Bay  Y 0.660  Y 0.067 NO  
 S Africa v Gulf of Mexico  Y 0.441  Y 0.038 NO  
 S Africa v Virginia  Y 0.469  Y 0.035 NO  
 S Africa v Delaware Bay  Y 0.428  Y 0.042 NO  
 S Africa v Chesapeake Bay  Y 0.438  Y 0.052 NO  
 Gulf of Mexico v Virginia  N -0.015  N -0.015 -  
 Gulf of Mexico v Delaware Bay  N 0.018  N 0.000 -  
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Carcharhinus 
plumbeus 
Gulf of Mexico v Chesapeake Bay mtDNA CR N -0.009 msats N 0.004 - Portnoy et al. 2010 
Virginia v Delaware Bay  N 0.005  N -0.001 -  
 Virginia v Chesapeake Bay  N -0.016  N 0.002 -  
 Delaware Bay v Chesapeake Bay  N -0.007  N 0.001 -  
Carcharias 
taurus 
E Australia v W Australia - - - AFLP Y 0.243 - Stow et al. 2006 
W Australia v South Africa - - - AFLP Y 0.345 -  
 E Australia v S Africa - - - AFLP Y 0.545 -  
Carcharias 
taurus 
E Australia v W Australia mtDNA 
CR 
Y 0.418 msat Y 0.059 NO Ahonen et al. 2009 
E Australia v S Africa Y 0.813  Y 0.141 NO 
 E Australia v NW Atlantic  Y 0.994  Y 0.403 NO  
 E Australia v Brazil  Y 0.991  Y 0.137 NO  
 E Australia v Japan  Y 1.000  Y 0.352 NO  
 W Australia v S Africa  Y 0.676  Y 0.084 NO  
 W Australia v NW Atlantic  Y 0.912  Y 0.340 NO  
 W Australia v Brazil  Y 0.677  Y 0.096 NO  
 W Australia v Japan  Y 0.717  Y 0.286 NO  
 S Africa v NW Atlantic  Y 0.938  Y 0.324 NO  
 S Africa v Brazil  N 0.163  N 0.032 -  
 S Africa v Japan  Y 0.876  Y 0.353 NO  
 NW Atlantic v Brazil  Y 0.960  Y 379 NO  
 NW Atlantic v Japan  Y 0.971  Y 0.669 NO  
 Brazil v Japan  Y 0.975  Y 0.540 NO  
Carcharhinus 
limbatus 
W Atlantic v E Gulf of Mexico mtDNA CR Y 0.089 msats N 0.002 YES Keeney et al. 2003; 
2005 W Atlantic v W Gulf of Mexico Y 0.317  N 0.002 YES 
 W Atlantic v N Yucatan  Y 0.212  Y 0.007 NO  
 W Atlantic v Belize city  Y 0.866  Y 0.063 NO  
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Carcharhinus 
limbatus 
W Atlantic v Dangriga mtDNA CR Y  0.886 msats Y 0.022 NO Keeney et al. 2003; 
2005 E Gulf of Mexico v W Gulf of Mexico  Y 0.110  N -0.002 YES 
 E Gulf of Mexico v N Yucatan  Y 0.099  Y 0.007 NO  
 E Gulf of Mexico v Belize city  Y 0.702  Y 0.067 NO  
 E Gulf of Mexico v Dangriga  Y 0.731  Y 0.021 NO  
 W Gulf of Mexico v N Yucatan  Y 0.114  Y 0.004 NO  
 W Gulf of Mexico v Belize city  Y 0.707  Y 0.065 NO  
 W Gulf of Mexico v Dangriga  Y 0.745  Y 0.022 NO  
 N Yucatan v Belize city  Y 0.431  Y 0.049 NO  
 N Yucatan v Dangriga  Y 0.496  Y 0.011 NO  
 Belize city v Dangriga  Y 0.195  N 0.007 YES  
Carcharhinus 
leucas 
Brazil v N Gulf of Mexico mtDNA 
CR 
Y 0.864 msats N 0.002 YES Karl et al. 2011 
Brazil v Gulf coast of Florida (GFL) Y 0.847  Y 0.009 NO 
 Brazil v E coast Florida (EFL)  Y 0.786  N 0.001 YES  
 N Gulf of Mexico v GFL  N 0.029  N -0.010 -  
 N Gulf of Mexico v EFL  Y 0.146  N -0.009 YES  
 GFL v EFL  N 0.007  N 0.004 -  
Isurus oxyrinchus N Atlantic v S Atlantic mtDNA 
RFLP 
Y 0.347 msats N -0.001 YES Heist et al. 1996; 
Schrey & Heist 
2002 
N Atlantic v S Africa - -  N -0.004 - 
N Atlantic v N Pacific  Y 0.173  N 0.002 YES 
 N Atlantic v S Pacific  Y 0.105  N 0.003 YES 
 S Atlantic v S Africa  - -  N -0.002 -  
 S Atlantic v N Pacific  N 0.025  N -0.001 -  
 S Atlantic v S Pacific  Y 0.112  N 0.000 YES  
 S Africa v N Pacific  - -  N 0.000 -  
 S Africa v S Pacific  - -  N 0.004 -  
 N Pacific v S Pacific  N 0.025  N 0.005 -  
N = north; S = south; W = west; E = east; mtDNA = mitochondrial DNA; CR = control region; cyt b = cytochrome b; RE = restriction enzyme; msats = microsatellite loci; ITS2 = 
internal transcribed spacer 2; NR = not reported; NC = no comments about the possibility of sex-biased dispersal by the author; - was not tested
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APPENDIX C Additional population structure analyses  
 
Table C1 Analysis of molecular variance (AMOVA) based on the frequency distributions 
of mtDNA control region sequences in Pristis microdon for the north coast (west of the 
Gulf of Carpentaria; NC) and the Gulf of Carpentaria (GoC) in Australia.  Variance 
components and estimates of statistical significance (P-values) are indicated.  
Percentage of variation is indicated in parentheses 
 
Statistical significance (P < 0.05) indicated by *; AD = Adelaide River; DR = Daly River; SA = South 
Alligator River; CB = Chambers Bay; WG = western gulf; MC = McArthur River; GA = Gin Arm 
Creek; DI = Disaster Inlet; LC = Leichhardt River; FNB = Flinders/Norman/Bynoe Rivers; SM = 
Smithburne River; GB = Gilbert River; NS = Nassau River; MW = Mitchell/Walsh Rivers; KR = 
Kirke River; AR = Archer River; WP = Weipa area; PM = Port Musgrave 
 
 
 
Table C2 Pairwise FST based on the frequency distributions of mtDNA control region 
sequences in grouped samples of Pristis microdon from rivers in the Gulf of Carpentaria 
in Australia.  No values were statistically significant (P < 0.05) 
 
 
 
 
 
FNB = Flinders/Norman/Bynoe rivers; SM = Smithburne River; KR = Kirke River; AR = Archer 
River 
 
 
Table C3 Standardized values of pairwise and overall FST, pairwise and average Jost’s 
DEST, and the exact test P-values for mtDNA control region sequences of Pristis microdon.  
The P-values for FST and DEST are indicated in parentheses 
Statistically significant values indicated by *; WC = west coast; GoC = Gulf of Carpentaria 
 
 
 
 
 
 
 
 
Groups Among samples Within samples 
NC (AD, DR, SA, CB) -0.043 
P = 0.434 
(-21.05) 
0.250 
P = 0.143 
(121.05) 
GoC (WG, MC, WY, RB, GoC, GA, DI, 
LC, FNB, SM, GB, NS, MW, KR, AR, 
WL, PM) 
0.042 
P = 0.003* 
17.14 
0.199 
P = 0.000* 
82.86 
 Raw FST Standardized FST 
FNB v SM -0.075 0.000 
KR v AR -0.112 0.000 
 FST DEST P 
WC v GoC 0.873 
(0.000)* 
0.761 
(0.001)* 
0.000 
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Table C4 Analysis of molecular variance (AMOVA) based on the frequency distributions 
of mtDNA control region sequences in Pristis microdon from the Gulf of Carpentaria 
(GoC) in Australia with the Flinders/Norman/Bynoe rivers sample removed.  Variance 
components and estimates of statistical significance (P-values) are indicated.  
Percentage of variation is indicated in parentheses 
 
Statistical significance (P < 0.05) indicated by *; WG = western gulf; MC = McArthur River; GA = 
Gin Arm Creek; DI = Disaster Inlet; LC = Leichhardt River; SM = Smithburne River; GB = Gilbert 
River; NS = Nassau River; MW = Mitchell/Walsh Rivers; KR = Kirke River; AR = Archer River; WP 
= Weipa area; PM = Port Musgrave 
 
 
 
Table C5 Analysis of molecular variance (AMOVA) based on the frequency distributions 
of mtDNA control region sequences in Pristis microdon from the Gulf of Carpentaria 
(GoC) in Australia with sampling sites with a higher proportions of siblings sampled 
(the Leichhardt river area, Gilbert, Kirke, and Archer rivers) removed.  Variance 
components and estimates of statistical significance (P-values) are indicated.  
Percentage of variation is indicated in parentheses 
Statistical significance (P < 0.05) indicated by *; WG = western gulf; MC = McArthur River; FNB = 
Flinders/Norman/Bynoe Rivers; SM = Smithburne River; NS = Nassau River; MW = 
Mitchell/Walsh Rivers; WP = Weipa area; PM = Port Musgrave 
 
 
 
 
Table C6 Standardized values of pairwise and overall FST, pairwise and average Jost’s 
DEST, and the exact test P-values for mtDNA control region sequences of Pristis microdon 
for samples from the west coast (WC) and the Gulf of Carpentaria (GoC) with sampling 
sites with a higher proportions of siblings sampled (the Leichhardt river area, Gilbert, 
Kirke, and Archer rivers) removed.  The P-values for FST and DEST are indicated in 
parentheses 
Statistically significant values indicated by * 
 
 
 
 
 
 
 
 
Groups Among samples Within samples 
GoC (WG, MC, WY, RB, GoC, FNB, 
SM, NS, MW, WL, PM) 
0.074 
P = 0.001* 
26.19 
0.208 
P = 0.000* 
73.82 
Groups Among samples Within samples 
GoC ( WG, MC, WY, RB, GoC, GA, DI, 
LC, SM, GB, NS, MW, KR, AR, WL, PM ) 
0.041 
P = 0.007* 
22.50 
0.142 
P = 0.000* 
77.50 
 FST DEST P 
WC v GoC 0.838 
(0.000)* 
0.726 
(0.002)* 
0.000* 
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Table C7 Analysis of molecular variance (AMOVA) based on the frequency distributions 
of alleles at seven microsatellite loci in samples of Pristis microdon from the Gulf of 
Carpentaria (GoC) in Australia.  Variance components and estimates of statistical 
significance (P-values) are indicated. Percentage of variation is indicated in parentheses 
 
Groups Within 
populations 
Among 
populations 
GoC (WG; MC; GoC: GA; DI; LC; FNB; 
SM; GB; NS; MW; KR; AR: WP; PM) 
0.469 
P = 0.000* 
(99.74) 
0.001 
P = 0.371 
(0.26) 
 
Statistically significant values are indicated by *; WG = western Gulf of Carpentaria; MC = 
McArthur River; GA = Gin Arm Creek; DI = Disaster Inlet; LC = Leichhardt River; FNB = 
Flinders/Norman/Bynoe Rivers; SM = Smithburne River; GB = Gilbert River; NS = Nassau River; 
MW = Mitchell/Walsh Rivers; KR = Kirke River; AR = Archer River; WP = Weipa; PM = Port 
Musgrave 
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APPENDIX D Allele frequencies tables for Pristis microdon 
 
Table D1 Allele frequencies at locus Ppe4 in samples of N individuals of Pristis microdon 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
118 0.029 - - 
122 - - 0.015 
126 0.043 - 0.015 
130 0.157 0.062 0.091 
134 0.129 0.125 0.152 
138 0.157 0.062 0.129 
142 0.186 0.500 0.280 
146 0.086 0.062 0.076 
150 0.014 0.062 0.068 
154 0.071 0.062 0.061 
158 0.071 - 0.038 
162 0.043 0.062 0.053 
166 0.014 - 0.008 
170 - - 0.015 
N 35 8 66 
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Table D2 Allele frequencies at locus Ppe5 in samples of N individuals of Pristis microdon 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
240 0.030 - 0.008 
244 - - 0.008 
248 0.045 - 0.016 
252 0.015 0.071 0.049 
254 - - 0.016 
256 0.045 0.143 0.049 
258 - - 0.008 
260 0.030 - 0.098 
264 0.015 - 0.066 
268 0.015 - 0.033 
270 - - 0.008 
272 0.061 0.071 0.057 
276 0.061 0.143 0.049 
280 0.076 0.071 0.041 
284 0.091 - 0.057 
286 - - 0.008 
288 0.015 - 0.074 
290 - - 0.008 
292 0.076 0.071 0.066 
296 0.121 - 0.025 
300 0.061 - 0.016 
304 0.045 0.214 0.033 
308 0.076 0.071 0.057 
312 0.030 0.071 0.057 
314 - - 0.008 
316 0.015 - 0.008 
318 - - 0.016 
322 0.015 - 0.025 
324 0.015 - - 
326 0.030 0.062 - 
332 - - 0.008 
338 0.015 - 0.008 
346 - - 0.016 
N 33 7 61 
 
 
Table D3 Allele frequencies at locus Ppe122 in samples of N individuals of Pristis 
microdon collected from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
199 0.014 - 0.007 
203 0.222 0.286 0.276 
207 0.514 0.143 0.440 
211 0.042 - 0.007 
227 0.056 0.071 0.045 
231 0.111 0.214 0.164 
235 0.042 0.286 0.060 
N 36 7 67 
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Table D4 Allele frequencies at locus Ppe167 in samples of N individuals of Pristis 
microdon collected from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GOC 
323 - - 0.008 
325 0.058 0.100 0.017 
327 - - 0.058 
329 0.019 - 0.033 
331 0.019 - 0.042 
333 0.019 - 0.008 
337 0.019 - 0.075 
339 0.058 - 0.033 
341 0.019 - - 
345 0.077 - 0.025 
347 0.038 - 0.050 
349 0.154 0.300 0.075 
351 0.019 0.100 0.033 
353 0.077 0.200 0.117 
355 0.077 - 0.025 
357 0.154 0.200 0.067 
359 0.019 - 0.058 
361 - 0.100 0.092 
363 0.058 - 0.075 
365 - - 0.050 
367 0.038 - 0.025 
369 - - 0.017 
375 0.038 - - 
381 - - 0.008 
387 0.019 - - 
391 0.019 - - 
395 - - 0.008 
N 26 5 60 
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Table D5 Allele frequencies at locus Ppe172 in samples of N individuals of Pristis 
microdon collected from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
150 - 0.167 0.038 
152 0.086 - 0.077 
154 0.069 - 0.077 
158 0.052 0.083 0.031 
160 0.069 0.083 0.146 
162 0.034 0.083 0.015 
164 0.172 0.167 0.146 
166 0.034 - 0.015 
168 0.086 0.333 0.100 
170 0.034 - 0.038 
178 0.052 0.083 0.031 
180 0.034 - 0.038 
182 0.069 - 0.069 
184 - - 0.015 
186 0.034 - - 
190 0.034 - 0.023 
194 - - 0.008 
196 0.017 - 0.046 
198 0.034 - 0.015 
200 0.034 - 0.023 
202 0.052 - 0.046 
N 29 6 65 
 
 
 
Table D6 Allele frequencies at locus Ppe180 in samples of N individuals of Pristis 
microdon collected from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
247 0.036 - 0.042 
251 0.482 0.500 0.308 
255 0.018 - - 
259 - - 0.008 
283 - 0.250 - 
307 - - 0.017 
327 - - 0.008 
347 0.036 - 0.008 
359 0.071 - 0.142 
363 0.054 - 0.058 
367 0.036 - 0.025 
371 0.089 - 0.033 
375 0.071 0.250 0.167 
379 - - 0.067 
383 0.018 - 0.050 
387 - - 0.008 
391 0.054 - 0.042 
395 0.018 - 0.008 
399 - - 0.008 
403 0.018 - - 
N 28 2 60 
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Table D7 Allele frequencies at locus Ppe186 in samples of N individuals of Pristis 
microdon collected from the west coast (WC), north coast (west of the Gulf of 
Carpentaria; NC), and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
202 0.032 - - 
210 - - 0.016 
214 0.097 - 0.063 
218 0.113 0.300 0.135 
222 0.065 - 0.048 
226 0.048 0.100 0.040 
230 0.032 - 0.032 
234 0.081 - 0.056 
238 0.113 0.200 0.151 
242 0.081 0.200 0.135 
246 0.048 - 0.063 
250 0.048 - 0.048 
254 - 0.100 0.079 
258 0.097 - 0.063 
262 0.032 0.100 0.24 
264 0.032 - - 
266 0.032 - 0.008 
270 - - 0.008 
276 - - 0.008 
278 - - 0.008 
280 0.032 - - 
282 - - 0.016 
296 0.016 - - 
N 31 5 63 
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APPENDIX E Allele frequency tables for Pristis clavata 
 
Table E1 Allele frequencies at locus Ppe4 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
132 0.147 - 0.068 
136 0.015 - 0.045 
140 0.044 - - 
144 0.044 0.056 0.068 
148 0.044 - - 
152 0.118 0.167 0.091 
156 0.088 0.111 0.023 
160 0.162 - 0.136 
164 0.074 0.222 0.159 
168 0.074 0.111 0.114 
172 0.088 0.056 0.136 
176 0.059 0.111 0.114 
180 0.029 0.056 0.045 
184 - 0.056 - 
188 0.015 - - 
192 - 0.056 - 
N 34 9 22 
 
 
 
Table E2 Allele frequencies at locus Ppe5 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
262 0.015 - - 
270 - - 0.045 
274 0.015 - - 
278 0.030 - - 
282 0.015 0.111 - 
286 0.045 0.056 0.023 
290 0.076 0.167 0.045 
294 0.106 0.111 0.045 
298 0.091 - 0.136 
302 0.136 0.111 0.114 
306 0.061 0.222 0.091 
310 0.121 - - 
314 0.045 0.056 0.045 
318 0.121 - 0.068 
322 0.045 0.056 0.136 
326 - - 0.045 
330 - - 0.023 
334 0.015 0.056 0.068 
338 0.015 - 0.023 
342 0.015 - 0.045 
346 0.015 - - 
350 0.015 0.056 - 
362 - - 0.045 
N 33 9 22 
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Table E3 Allele frequencies at locus Ppe69 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
Allele size WC NC GoC 
196 0.309 0.750 0.630 
200 0.294 0.100 0.196 
204 0.015 - - 
208 0.015 - - 
210 0.015 - - 
212 - - 0.043 
214 0.132 0.050 - 
218 0.029 - - 
222 0.074 - 0.065 
226 0.103 - 0.065 
230 0.015 0.050 - 
232 - 0.050 - 
N 34 10 23 
 
 
Table E4 Allele frequencies at locus Ppe122 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
Allele size WC NC GoC 
195 0.062 0.150 0.040 
199 0.375 0.200 0.200 
203 0.219 0.150 0.220 
207 0.062 - 0.020 
211 0.078 0.100 0.240 
215 0.109 0.150 0.120 
219 0.047 0.200 0.140 
223 0.016 0.050 - 
227 0.031 - 0.020 
N 32 10 25 
 
 
Table E5 Allele frequencies at locus Ppe152 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
Allele size WC NC GoC 
182 0.017 - - 
190 0.086 - 0.028 
194 0.121 - 0.056 
198 0.069 - 0.139 
202 0.155 0.500 0.056 
206 0.103 0.250 0.111 
210 0.017 - 0.083 
214 0.086 - 0.222 
218 0.052 - - 
222 0.069 - 0.083 
226 0.069 - 0.083 
230 - 0.250 0.056 
234 0.017 - - 
238 0.052 - - 
242 0.017 - 0.028 
246 0.052 - 0.056 
250 0.017 - - 
N 29 2 18 
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Table E6 Allele frequencies at locus Ppe165 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
196 0.021 - - 
236 0.021 - - 
256 0.021 - - 
260 0.021 - 0.139 
264 0.125 0.250 - 
268 0.083 0.250 0.028 
272 0.146 - 0.028 
276 0.062 - 0.194 
280 0.042 - 0.083 
284 0.042 0.250 0.194 
288 0.083 0.250 0.139 
292 0.083 - - 
296 0.083 - 0.083 
300 0.062 - 0.083 
304 0.083 - - 
312 0.021 - 0.028 
N 24 2 18 
 
 
Table E7 Allele frequencies at locus Ppe179 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
194 0.048 - 0.025 
198 0.081 0083 0.050 
202 0.177 0.417 0.175 
206 0.032 0.083 0.175 
210 0.081 - 0.050 
214 0.032 - 0.075 
218 - 0.083 - 
222 0.081 0.167 - 
226 0.258 0.167 0.125 
230 0.097 - 0.250 
234 0.032 - 0.050 
238 0.048 - - 
242 0.016 - - 
246 - - 0.025 
250 0.016 - - 
N 31 6 20 
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Table E8 Allele frequencies at locus Ppe186 in samples of N individuals of Pristis clavata 
collected from the west coast (WC), north coast (west of the Gulf of Carpentaria; NC), 
and the Gulf of Carpentaria (GoC) in Australia 
 
Allele size WC NC GoC 
218 0.016 0.125 0.024 
222 0.065 0.250 - 
226 0.242 0.250 0.262 
230 0.113 - - 
234 0.161 - - 
238 0.113 - 0.048 
242 0.032 - 0.214 
246 0.097 0.125 0.119 
250 0.065 0.125 0.095 
254 0.065 - 0.048 
258 - 0.125 0.024 
262 0.032 - 0.048 
274 - - 0.024 
286 - - 0.048 
290 - - 0.024 
294 - - 0.024 
N 31 4 21 
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APPENDIX F Allele frequency tables for Pristis zijsron 
 
Table F1 Allele frequencies at locus Ppe4 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
130 - - 0.083 
134 0.043 - 0.083 
138 0.304 0.269 0.333 
142 0.152 0.154 - 
146 0.022 0.038 - 
150 0.022 - - 
154 0.043 0.038 0.250 
158 0.109 0.231 - 
162 0.065 - - 
166 0.043 0.154 0.083 
170 0.065 0.038 0.167 
174 0.065 0.077 - 
178 0.043 - - 
182 0.022 - - 
N 23 13 6 
 
 
Table F2 Allele frequencies at locus Ppe88 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
228 - 0.031 - 
244 0.043 - - 
248 - 0.031 - 
252 - 0.031 - 
256 - 0.031 - 
260 0.043 0.031 - 
264 0.065 - - 
268 - 0.094 - 
272 0.022 - 0.083 
276 0.022 0.031 - 
284 - 0.031 - 
288 0.043 0.156 0.167 
292 0.022 0.094 - 
296 0.043 0.125 0.333 
300 0.022 - 0.083 
304 0.022 0.031 - 
308 0.043 - 0.083 
312 0.087 0.031 - 
316 0.065 - - 
320 0.022 - - 
324 0.109 0.094 - 
328 0.043 0.062 0.167 
332 0.065 - - 
336 0.087 - - 
344 0.022 - - 
348 0.022 0.031 - 
356 0.043 0.062 - 
364 - - 0.083 
372 0.043 - - 
N 23 15 6 
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Table F3 Allele frequencies at locus Ppe152 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
178 - 0.028 - 
182 - - 0.300 
186 0.109 0.056 - 
190 0.022 0.083 - 
202 0.848 0.833 0.700 
214 0.022  - 
N 23 18 5 
 
 
 
Table F4 Allele frequencies at locus Ppe165 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia  
Allele size WC GoC EC 
232 0.021 - - 
242 - 0.036 - 
244 0.021 - - 
246 0.021 0.107 - 
250 0.021 0.071 - 
252 0.062 0.036 - 
254 0.104 0.036 0.083 
256 0.104 - - 
258 0.167 0.107 0.167 
260 0.062 0.071 0.250 
262 0.062 0.071 0.083 
264 0.062 0.071 - 
266 0.125 0.214 - 
270 0.021 - 0.083 
272 - - 0.083 
274 0.062 0.143 0.250 
278 0.042 0.036 - 
286 0.021 0.036 - 
288 0.021 - - 
N 24 14 6 
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Table F5 Allele frequencies at locus Ppe172 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
152 - 0.029 - 
154 - 0.029 - 
166 - 0.029 - 
176 - 0.029 - 
196 - 0.029 - 
216 0.065 - 0.167 
218 0.022 0.029 - 
220 0.174 0.088 0.167 
222 - 0.029 - 
226 - - 0.083 
228 0.109 0.029 - 
230 0.065 0.147 - 
232 - 0.118 - 
236 0.087 - - 
240 0.043 - - 
246 - 0.029 - 
248 - 0.029 0.083 
250 0.217 0.235 0.417 
252 0.174 0.029 - 
254 0.043 0.088 0.083 
N 23 15 5 
 
 
Table F6 Allele frequencies at locus Ppe179 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
186 0.021 - - 
190 - 0.033 - 
194 0.021 - 0.200 
198 0.146 0.100 0.100 
202 0.104 0.233 0.300 
206 0.042 0.100 - 
210 0.062 0.167 - 
218 0.083 0.033 - 
226 0.167 0.133 - 
230 0.167 0.100 0.200 
234 0.104 0.067 0.200 
238 0.062 0.033 - 
242 0.021 - - 
N 24 15 5 
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Table F7 Allele frequencies at locus Ppe180 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
Allele size WC GoC EC 
283 - 0.031 - 
291 - 0.031 - 
295 0.083 0.250 0.125 
299 0.188 - - 
303 0.021 0.031 - 
307 0.146 0.125 - 
311 0.271 0.094 - 
315 0.042 - - 
319 - 0.031 0.375 
323 0.062 0.031 - 
327 0.042 - - 
335 0.083 0.219 0.500 
339 - 0.062 - 
343 0.021 - - 
347 - 0.031 - 
363 0.021 - - 
383 0.021 - - 
391 - 0.062 - 
N 24 16 4 
 
 
Table F8 Allele frequencies at locus Ppe186 in samples of N individuals of Pristis zijsron 
collected from the west coast (WC), the Gulf of Carpentaria (GoC) and the east coast 
(EC) of Australia 
 
Allele size WC GoC EC 
270 - 0.033 - 
274 0.043 0.067 - 
278 0.109 0.233 0.500 
282 0.370 0.133 0.500 
286 0.326 0.267 - 
290 0.065 0.100 - 
294 0.043 0.033 - 
298 - 0.033 - 
306 - 0.100 - 
310 0.043 - - 
N 24 16 4 
 
 
 
 
 
 
 
 
 
Appendix 
 246 
APPENDIX G Population divergence in Pristis clavata  
 
 
 
Figure G1 Posterior probably distributions of mutation-scaled time since divergence, 
based on data from eight microsatellite loci of Pristis clavata between the north coast 
(west of the Gulf of Carpentaria; NC) and each of: a) the west coast (WC); and b) the Gulf 
of Carpentaria (GoC).  Times since divergence were estimated in IMa2 (Hey & Nielsen 
2007) using the SMM model and a minimum of 10 000 000 steps in the MCMC chain 
with the first 1 000 000 steps discarded as burn-in; using only individuals with data for 
all loci (missing data are not allowed).  These settings produced similar results between 
runs with different seed numbers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     b)    a) 
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APPENDIX H Pleistocene sea level maps 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure H1 Map of southeast Asia and northern Australia with current sea levels (dark 
grey) and sea levels at 120 m below present levels (light grey), illustrating the large 
availability of freshwater river habitat throughout this region, even at low sea levels 
during the Pleistocene. Image from Voris 2000 
 
 
 
 
